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1 AA etutuns 

HYDRAULIC GEOMETRY OF I L L I N O I S  STREAMS 
by John B .  S t a l l  and Yu-Si Fok 
SUMMARY 
A  c o n s i s t e n t  p a t t e r n  has been eva lua ted  i n  which the  w i d t h ,  
depth,  and v e l o c i t y  o f  f l o w  i n  a  s t ream change a long  t h e  course o f  
the  stream w i t h  a  cons tan t  f requency o f  d ischarge.  These channel 
c h a r a c t e r i s t i c s  a r e  termed hydraulic geometry and c o n s t i t u t e  an 
in terdependent  system which i s  descr ibed  by a  s e r i e s  o f  graphs 
hav ing  s imp le  form, o r  by equa t ions .  
The data f rom 166 stream gaging s t a t i o n s  i n  l l l i n o i s  have been 
assembled and used t o  develop t he  parameters t o  d e f i n e  t he  h y d r a u l i c  
geometry o f  these streams. Resu l t s  a r e  presented as separate  s e t s  
o f  equat ions f o r  18 r i v e r  bas ins i n  I l l i n o i s .  Stream c h a r a c t e r i s t i c s  
a r e  r e l a t e d  t o  f requency o f  d i scharge  and t o  dra inage a rea  as 
independent v a r i a b l e s .  
Stream v e l o c i t i e s  computed f rom h y d r a u l i c  geometry equa t ions  
check f avo rab l y  w i t h  a c t u a l  stream v e l o c i t i e s  measured by t ime -o f -  
t r a v e l  i n  streams determined by us i ng  dye t r a c e r s .  These equat ions 
a r e  used t o  p r e d i c t  t h e  average depth and v e l o c i t y  o f  f l o w  a t  
problem l o c a t i o n s  on t he  s t ream where no measurements a r e  a v a i l a b l e .  
Th i s  a l l ows  computat ion o f  t h e  reoxygenat ion capac i t y  o f  t he  stream 
a t  t h e  problem l o c a t i o n ,  and w i l l  be va l uab le  f o r  many purposes i n  
wa te r  resources development. 
l NTRODUCT l ON 
1 The I l l i n o i s  S t a t e  Water Survey has c a r r i e d  o u t  s i n c e  1895 a  c o n t i n u i n g  
program o f  research and e v a l u a t i o n  o f  t he  wa te r  resources o f  I l l i n o i s .  Th i s  
program has d e a l t  e x t e n s i v e l y  w i t h  t he  amount and minera l  q u a l i t y  o f  t he  ground- I 
1 
wa te r ,  su r f ace  wate r ,  and atmospher ic wa te r  o f  t h e  s t a t e .  
The phys i ca l  geography o f  I l l i n o i s  has been descr ibed  by Le igh ton  and 
i 
I 
o the rs  (1948) and i s  shown i n  f i g u r e  1 .  S i m i l a r  i n f o r m a t i o n  i s  a v a i l a b l e  
f o r  the  e n t i r e  Un i t ed  S ta tes  f rom Fenneman (1938, 1946), Raisz  (1957), and 
Hunt (1967). I n  l 1 1  i n o i  s  va r i ous  impor tan t  h y d r o l o g i c  phenomena have been 
i shown t o  be assoc ia ted  w i t h  t he  phys iograph ic  d i v i s i o n s  o f  t h e  s t a t e .  For example, M i t c h e l l  (1954) showed t h a t  phys iograph ic  d i v i s i o n s  were impor tan t  
i n  e x p l a i n i n g  the  v a r i a t i o n s  i n  f l o o d  hydro logy  f o r  t he  va r i ous  reg ions  o f  t he  
F i g u r e  1. P r i n c i p a l  phys i og raph i c  
d i v i s i o n s  of I l l i n o i s  
s t a t e .  The low f l ows  o f  I l l i n o i s  streams 
were shown by S t a l l  (1964) t o  be assoc ia ted  
w i t h  phys iograph ic  d i v i s i o n s .  
I n  a  p i onee r i ng  paper Leopold and 
Maddock (1953) showed t h a t  channel charac- 
t e r i s t i c s  o f  n a t u r a l  streams c o n s t i t u t e  an 
in terdependent  system which can be descr ibed  
by a  s e r i e s  o f  graphs hav ing  s imp le  geometr ic  
form. Such a  system was termed t h e  h y d r a u l i c  
geometry o f  t he  stream system. The au thors  
showed how the  n a t u r e  o f  a  p a r t i c u l a r  r i v e r  
system can thus be descr ibed  q u a n t i t a t i v e l y  
i n  terms o f  t he  s lopes and i n t e r c e p t s  o f  
the  l i n e s  o f  such a  s e r i e s  o f  graphs. 
Some o f  t he  impor tan t  h y d r a u l i c  charac- 
t e r i s t i c s  o f  a  stream channel a r e  t h e  depth,  
w id th ,  and v e l o c i t y  o f  f l o w .  These f a c t o r s  
a t  a  p a r t i c u l a r  s t ream cross s e c t i o n  can be 
r e l a t e d  t o  t he  amount o f  stream f l o w  ( o r  
d ischarge)  by t he  s imp le  power f u n c t i o n :  
where W = w i d t h ,  D = mean depth,  V = mean v e l o c i t y ,  Q = d ischarge ,  and a, b ,  
c ,  f, k,and m a r e  numer ica l  cons tan ts .  
Leopold and Maddock (1953) showed t h a t  these f u n c t i o n s ,  de r i ved  f o r  a  
number o f  c ross sec t i ons  a long  t h e  course o f  a  s t r e a m , d i f f e r  o n l y  i n  t he  
numer ica l  va lues o f  t h e  c o e f f i c i e n t s  and exponents. These r e l a t i o n s h i p s ,  when 
p l o t t e d  on graphs, a r e  g r e a t l y  s i m i l a r  and c o n s i s t e n t ,  even f o r  stream systems 
q u i t e  d i f f e r e n t  i n  phys iograph ic  s e t t i n g .  There appears t o  be a  c o n s i s t e n t  
p a t t e r n  i n  which t he  w i d t h ,  depth,  and v e l o c i t y  o f  f l o w  i n  a  s t ream change, 
a long  t he  course o f  t h e  stream, f o r  a  cons tan t  f requency o f  d i scharge .  
Ob iec t i ves  and S c o ~ e  
The o b j e c t i v e s  o f  t h i s  research p r o j e c t  a re :  1 )  t o  determine whether or 
n o t  l l l i n o i s  stream systems tend t o  a d j u s t  themselves t o  a  c o n s i s t e n t  p a t t e r n  ' 
which can be eva lua ted  q u a n t i t a t i v e l y  by the  concepts o f  h y d r a u l i c  geometry 
us i ng  d ischarge  measurement da ta  f rom U. S .  Geo log ica l  Survey stream gaging 
s t a t i o n s ;  2) t o  eva lua te ,  i f  poss ib l e ,  t he  h y d r a u l i c  geometry o f  t he  major  
stream systems o f  l l l i n o i s  and t o  express t he  i n t e r r e l a t i o n s h i p s  i nvo l ved  by 
means o f  a  s e t  o f  equa t ions ;  3) t o  e x p l o r e  w i t h i n  l l l i n o i s  the ~ a r i ~ a t i o n s  i n  
t he  h y d r a u l i c  geometry o f  streams f o r  t h e  va r i ous  phys iograph ic  d i v i s i o n s  o f  
t he  s t a t e ;  4) t o  show how hydrau l  i c  geometry r e l a t i o n s  f o r  a  s t ream system 
migh t  be used t o  es t ima te  t he  channel c h a r a c t e r i s t i c s  a t  a  l o c a t i o n  w i t h i n  t he  
s t ream system where no ac tua l  measurements a r e  ava i  l a b l e ;  5) t o  examine t h e  
r e l i a b i l i t y  o f  the  developed equat ions by means o f  da ta  f rom o t h e r  sources; 
and 6) t o  g i v e  examples o f  t he  appl  i c a t  i o n  o f  hydrau l  i c  geometry equa t ions .  
H y d r a u l i c  geometry r e l a t i o n s  have been developed f o r  18 r i v e r  bas ins.  
Tab le  1 shows t h e  t o t a l  s i z e  o f  these r i v e r  bas ins  and t h e  number o f  gaging 
s t a t i o n s  i n  each. The map i n  f i g u r e  2  shows t he  l o c a t i o n s  o f  t h e  18 major 
r i v e r  bas ins which were s tud ied .  I t  i s  noted t h a t  t h e  Rock R i ve r  extends w e l l  
i n t o  t h e  s t a t e  o f  Wisconsin,  and t h a t  t h e  Galena, Fox, and Des P la i nes  R i ve r  
Basins extend s l i g h t l y  i n t o  Wisconsin.  A lso ,  the  Kankakee R i ve r  Bas in  extends 
w e l l  i n t o  Ind iana ,  a  l i t t l e  beyond South Bend. 
Tab le  1 .  E ighteen R i ve r  Basins For  Which H y d r a u l i c  Geometry 
Equat ions Have Been Developed 
R i ve r  bas in  
Rock 
Ga 1 ena 
Fox 
Des P la i nes  
Kan ka kee 
Vermi 1 i o n  
( I l l i n o i s  R.   as in) 
Mack i naw 
Henderson Creek 
Spoon 
La Moi ne 
S ~ Y  
Sangamon 
Kaskaskia 
Vermi 1 i on  
  abash R.    as in) 
Emba r ras  
L i t t l e  Wabash 
B i g  Muddy 
B ig  Bay Creek 
Approx. t o t a l  Number o f  
d  r a  i nage area stream gaging 
(sq  mi) s t a t  ions 
These bas ins were se lec ted  s i nce  they were l a r g e  enough i n  s i z e  t o  a l l o w  
t h e  h y d r a u l i c  geometry p a t t e r n  t o  be ev i den t ,  and each con ta ined  a t  l e a s t  t h r e e  
gaging s t a t i o n s  p r o v i d i n g  a  s u f f i c i e n t  amount o f  da ta  t o  a l l o w  a  reasonable 
e v a l u a t i o n  o f  t he  h y d r a u l i c  geometry p a t t e r n .  For those p a r t s  o f  t h e  s t a t e  no t  
i nc l uded  i n  a  bas in  ( f i g u r e  2 ) ,  some gene ra l i zed  r e l a t i o n s  have been developed 
l a r g e l y  f rom a v a i l a b l e  data and s i m i l a r i t i e s  t o  one o r  more o f  t he  18 bas ins 
s t ud ied .  
Figure 2 .  Location of 18 river  basins i n  IZZinois for 
which hydraulic geometry re Zations are deve Zoped 
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Stream Gaging S t a t i o n s  
A l l  o f  the  da ta  used i n  t h i s  r e p o r t  were c o l l e c t e d  i n  t he  f i e l d  by person- 
ne l  o f  t he  U. S .  Geolog ica l  Survey as a  p a r t  o f  t h e i r  r e g u l a r  c o n t i n u i n g  program 
o f  s t reamf low measurement. Stream gaging da ta  a r e  a v a i l a b l e  f rom about 200 
l o c a t i o n s  on I l l i n o i s  streams; about 150 o f  these s t a t i o n s  a re  c u r r e n t l y  i n  
ope ra t i on .  As a  p a r t  o f  t h i s  work, d i scharge  measurements a r e  made r e g u l a r l y  
a t  each a c t i v e  s t a t i o n .  Discharge measurements a re  u s u a l l y  made by wading 
t h e  s t ream o r  by lower ing  a  c u r r e n t  meter i n t o  t he  s t ream f rom a  b r i d g e .  
V e l o c i t i e s  a r e  measured a t  a  number o f  v e r t i c a l  sec t i ons .  These a re  used t o  
c o n s t r u c t  a  cross s e c t i o n  o f  the  s t ream a t  t h i s  d ischarge  and t o  p r o v i d e  a 
va l ue  o f  t o t a l  d i scharge  a t  t he  t ime the  measurement i s  taken. 
F i g u r e  3 shows the  s t ream gaging i n s t a l l a t i o n  on Goose Creek near  DeLand, 
I l l i n o i s ,  l o ca ted  w i t h i n  the  Sangamon R i ve r  Basin.  I t  was operated f o r  an 8- 
yea r  p e r i o d  d u r i n g  1951-1959. The p i c t u r e  shows t he  s t ream bed, s t ream banks, 
t he  s t i l l ' , i n g  w e l l  and tower o f  t he  s t ream gage, and t h e  b r i d g e  f rom which 
d ischarge  measurements were taken. Th is  s t a t i o n  i s  t y p i c a l  o f  many o f  t he  
stream gaging i n s t a l l a t i o n s  i n  I l l i n o i s .  
Figure 3. Stream gaging installation on Goose 
Creek near DeLand, IlZinois. 
I n  o r d e r  t o  i l l u s t r a t e  t h e  shape o f  a  stream channel c ross  s e c t i o n  a t  
va r i ous  d ischarges,  a  composite o f  c ross sec t i ons  has been compi led f o r  f i g u r e  
4. Here a r e  shown the  channel c ross  sec t i ons  f o r  f i v e  d i f f e r e n t  r a t e s  o f  
d ischarge,  as determined by d ischarge  measurements made a t  the  stream gaging 
s t a t i o n  on Sugar Creek near Har tsburg,  I l l i n o i s ,  a l s o  l oca ted  i n  t he  
Sangamon R i ve r  Basin.  
F i e l d  records o f  d i scharge  measurements made by the  USGS were recorded 
on t h e i r  Form 9-207; f rom 30 t o  500 measurements were a v a i l a b l e  p e r  s t a t i o n .  
Data a v a i l a b l e  f o r  each measurement were t he  w i d t h  iv', channel c ross - sec t i ona l  
area A, average v e l o c i t y  V, and t he  o v 
d ischarge  Q. The average depth D  was 
computed f rom D  = A/W wi  t h  D  be ing  I 
d e f i n e d  as t he  h y d r a u l i c  depth as 
descr ibed  by Chow (1959). 2 
The f i r s t  s t e p  i n  d e p i c t i n g  g raph i -  3 
c a l l y  channel c o n d i t i o n s  f o r  a  reach o f  
s t ream represented by a  p a r t i c u l a r  4 
W st ream gaging s t a t i o n  was t he  p l o t t i n g  
o f  s t a t i o n  h y d r a u l i c  r a t i n g  curves.  LL 
Z 5 ~  10 20 30 40 50 60 70 80 Re la t i onsh ips  o f  Q t o  .A, W, D, and V  a r e  ; + p l o t t e d  on l o g - l o g  paper. For example, 
as shown i n  f i g u r e  5, da ta  f rom a  gaging n 
s t a t i o n  a t  Sugar Creek near Har tsburg  5 
were used w i t h  A ,  W, D, and V  on t he  
v e r t i c a l  s c a l e  and Q on t he  h o r i z o n t a l  10 
sca le .  Curves were drawn t o  f i t  t he  
data.  The p o i n t s  a r e  s c a t t e r e d  because 15 
o f  t he  v a r i a t i o n  o f  l o c a l  s t ream cond i -  
t i o n s  over  t h e  r eco rd i ng  p e r i o d  o f  21 
2 0 years .  However, the  genera l  p a t t e r n  o f  o 100 200 300 400 500 600 700 800 
t he  curves i s  e v i d e n t .  Much care  was WIDTH I N  FEET 
g i ven  t o  i nsu re  t he  c o n s i s t e n t  agreement Figure 4 .  Stream channel cross 
among t he  curvesso t h a t  i f  a  v e r t i c a l  
s e c t i o n  i s  taken a t  a  g i ven  d ischarge,  sect ions  a t  various stages of flow of  
t he  va lues dep i c t ed  f rom these curves Sugar Creek near Hartsburg 
w i l l  s a t i s f y  two phys i ca l  laws: t he  
p roduc t  o f  w i d t h  and depth equals  area, 
I ,ooo 
WD = A, and t he  area t imes v e l o c i t y  900 8
700 
equals  t h e  g i ven  d ischarge,  AV = Q. Son 600 
- 400 
T h e v e r t i c a l  dashed l i n e  i n  f i g u r e  z.300 
5  i n d i c a t e s  a  d ischarge  o f  469 cub i c  ; Zoo 
f e e t  pe r  second ( c f s ) ,  t he  f l o w  t h a t  
100 
90 occurs  10 percen t  o f  t he  days. As d i s -  .. no 
70 
cussed l a t e r ,  t he  r e l a t i o n s h i p s  cr 60 
50 developed i n  t h i s p r o j e c t w e r e l i m i t e d  ; . 40 
t o  f l ows  a t  o r  below t h i s  10 percen t  d In 
20 d u r a t i o n .  Consequent ly,  t he  r e l a t i o n -  
sh i ps  d e r i v e d  i n  t h i s  p r o j e c t  a r e  based 
I" p r i m a r i  l y  on t he  shape o f  the  curves t o  
t he  l e f t  o f  t he  dashed l i n e  i n  f i g u r e  5. 
That  p a r t  o f  t h e  graph t o  t he  r i g h t  o f  
t he  dashed 1 i n e  merely shows the  cons is -  In  So Ion SOD l .ooO 3.000 
tency o f  t h e  shape o f  these h y d r a u l i c  D I ~ C H A R G E ,  9. I N  C ~ S  
r a t i n g  curves f o r  t he  h i ghe r  d ischarges.  
Figure 5. Hydraulic ra t ing  curves for 
Sugar Creek near Hartsburg 
Representat iveness o f  Gaging S t a t i o n  Cross Sec t ions  
I n  s e l e c t i n g  a  l o c a t i o n  a long  t he  course o f  a  s t ream f o r  a  gaging s t a t i o n  
many f a c t o r s  a r e  cons idered.  A s i t e  i s  o f t e n  se lec ted  where t he  f l o w  i s  r a t h e r  
r e s t r i c t e d  f o r  e a s i e r  f l o w  measurement. Because o f  t h i s  p r a c t i c e ,  the  ques t i on  
a r i s e s  as t o  whether t he  stream cross sec t i ons  a t  these gaging s t a t i o n s  a r e  
r e a l l y  t y p i c a l  o f  t he  s t ream i n  genera l .  
Because t he  h y d r a u l i c  p r o p e r t i e s  o f  the  
s t ream as'measured a t  these gaging 
s t a t i o n s  a r e  be ing  used i n  t h i s  s tudy 
t o  g e n e r a l i z e  t he  h y d r a u l i c  geometry o f  
t h e  e n t i r e  s t ream system, i t  i s  o f  
L \ c r i t i c a l  importance t h a t  these p r o p e r t i e s  7 be t y p i c a l .  
T h i s  ma t t e r  was eva lua ted  by us i ng  
a  mass o f  spec ia l -purpose  f i e l d  da ta  on 
r i v e r  c ross  sec t i ons  f o r  t he  Embarras 
R i ve r .  I n  an ex tens i ve  f i e l d  survey 
and s tudy  by t h e  I l l i n o i s  D i v i s i o n  o f  
Waterways (1963) , about l O 9 O  complete 
c ross  sec t i ons  were taken a long  t he  
202-mi le course o f  t h i s  r i v e r .  The map 
L o c A T l o N H A p  o f  t he  Embarras R i ve r  Bas in  i n  f i g u r e  6  
i n d i c a t e s  t he  l o c a t i o n  o f  s i x  s t ream 1 gaging s t a t i o n s  on t he  main stem o f  t he  
r i v e r ,  and shows by the  i n t e r s e c t i n g  
s h o r t  l ine-segments the  l o c a t i o n  o f  t h e  
76 spec ia l  c ross sec t i ons  which were 
ob ta ined  f rom the  I l l i n o i s  D i v i s i o n  o f  
Waterways and s t u d i e d .  
T h i s  s tudy  t o  determine h y d r a u l i c  
geometry r e l a t i o n s  was con f i ned  t o  f l ows  
o c c u r r i n g  a t  o r  below a  f requency o f  10 
percen t  o f  t he  days pe r  year  ( F  = 0.10) . 
For f l ows  t h i s  l a rge ,  i n  v i r t u a l l y  a l l  
cases, f 1 ow was conf  i ned t o  the  s t  ream 
\ channel;  over-bank f l o w  d i d  n o t  occur .  
For t he  Embarras R i ve r  ( f i g u r e  6) a t  
t he  10 percen t  f l o w  r a t e ,  t he  c ross -  
s e c t i o n a l  area A was l ess  than 2000 
square f e e t  f o r  t he  Lawrencev i l l e  gage 
and l ess  than 1000 square f e e t  f o r  t h e  
SCALE OF M I L E S  o t h e r  f i v e  upstream gages. 
The 76 cross sec t i ons  a long  t he  
Figure 6 .  Mapof Embarras Basin e n t i r e  c o u r s e o f  the  Embarras ( f i g u r e  
(Dots show Zocation of stream gaging 6) a  r e  cons i dered t o  be an exce l  1 en t 
stations on main stem; Zine segments sampl ing o f  t he  shape o f  t he  channel .  
show locations of 76 cross sections) Each o f  these 76 c ross  sec t i ons  was 
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CROSS-SECTIONAL AREA, A sq ft 1 
Figure 7. Relation of elevation to 
cross-sectional area for the 
Embarras River at the St. Marie 
gaging station, and at seven other 
cross sections located upstream and 
downs tream 
616 RIVER STATION 
CROSS-SECTIONAL AREA, A, sq ft 
Figure 8. Relation of elevation 
to cross-sectional area for the 
Embarras River at the Oakland 
gaging station, and at five other 
cross sections located upstream ' 
and doz~nstream 
concur ren t  record  a t  t he  sho r t - r eco rd  s t a t i o n  and a t  one o f  t he  97 s t a t i o n s .  
These s h o r t e r  p e r i o d  f l o w  d u r a t i o n  curves were then used t o  syn thes ize  a  f l o w  
d u r a t i o n  curve  be l i eved  t o  be a p p l i c a b l e  t o  t he  s tandard 15-year pe r i od .  The 
syn thes i s  o f  these curves was c a r r i e d  o u t  by methodology descr ibed  by M i t c h e l l  
(1957) and g iven  i n  more d e t a i  1 by Searcy (1960). 
The f l o w  d u r a t i o n  data used f o r  Wisconsin gages were drawn f rom pub l i shed  
r e s u l t s  by Young (1965) and f rom a d d i t i o n a l  f l o w  d u r a t i o n  data f o r  l a t e r  years 
p rov ided  by t he  U S G S .  No s tandard pe r i od  o f  record  was adopted. A l though 
t h i s  dev ia tes  f rom the  s tandard p r a c t i c e  used w i t h i n  I l l i n o i s ,  i t  i s  be l i eved  
t o  p rov ide  a  reasonable comparab i l i t y  and was a  g rea t  t ime-saver.  
Flow d u r a t i o n  da ta  used f rom gages i n  lnd iana  were drawn f rom the  pub l i shed  
da ta  o f  t he  lnd iana  Stream P o l l u t i o n  Cont ro l  Board (1962). A d d i t i o n a l  f l o w  
d u r a t i o n  data f o r  l a t e r  years were p rov ided  as computer ou tpu t s  f rom the  USGS 
i n  Ind iana.  Again, these f l o w  d u r a t i o n  da ta  were no t  ad jus ted  t o  a  common 
p e r i o d  o f  record,  b u t  i t  was f e l t  the  da ta  p rov ide  a  reasonable comparison o f  . 
r e s u l t s .  
The f l o w  d u r a t i o n  curves used i n  t h i s  s tudy were drawn on log-normal 
p r o b a b i l i t y  paper. From these curves t he  f lows  f o r  va r ious  f requenc ies  were 
read and used. However, i t  was found t h a t  i f  t he  f l o w  d u r a t i o n  curves were 
p l o t t e d  on semilog paper as shown i n  f i g u r e  9  t he  d ischarge Q can be expressed 
i n  terms o f  the  frequency o f  occurrence F by 
1 
where a and B a r e  emp i r i ca l  constants  
- 
eva lua ted  f o r  t he  range between F = 0.10 - - 
and F = 0.90. Th i s  equa t ion  i s  t he  - 
- 
b a s i c  mathematical  model used i n  t h i s  
p r o j e c t  t o  r e l a t e  t he  d ischarge and t he  - 
frequency o f  occurrence i n  a  stream 
system. The f o u r  l i n e a r  f l o w  d u r a t i o n  
curves shown i n  f i g u r e  9  represent  4  o f  - 
the  18 stream gaging s t a t i o n s  i n  t he  - 
S 40 - Sangamon R i ve r  Bas in .  Because t he  f l o w  ; 3o 
f requency i s  inc luded  as one o f  t he  - rn 
20 - 
v a r i a b l e s  i n  t he  mathematical model o f  
t h i s  s tudy,  t h i s  model can be r e a d i l y  
expanded i n t o  a  more complex s t o c h a s t i c  
6 - model when b e t t e r  i n f o r m a t i o n  on t he  5 - 
4 - p r o b a b i l i t y  o f  occurrence o f  f l ows  i n  a  
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Hor ton  (1945) i n  a  p i onee r i ng  and 
comprehensive s tudy o f  q u a n t i t a t i v e  geo- Figure 9 .  Flow duration curves of 
morphology descr ibed  a  c o n s i s t e n t  daily discharge, 2 950-2 964 
p a t t e r n  under which stream systems develop and t o  which they c o n t i n u a l l y  a d j u s t .  
He showed t h a t  t he  number o f  streams, t h e  l eng th  o f  streams, and the  s lope  o f  
streams were a l l  r e l a t e d  c o n s i s t e n t l y  t o  s t ream o rde r  throughout  any e x i s t i n g  
s t ream system. L a t e r  r e v i s i o n s  t o  the  Hor ton s t ream-order ing  system were made 
by S t r a h l e r  (1957, 1964). Because o f  t he  ' i nheren t  f l e x i b i l i t y  and soundness 
o f  the  S t r a h l e r  system o f  stream o rde r i ng ,  i t  has been used i n  t h i s  r e p o r t .  
I t  p rov ides  a  means o f  e v a l u a t i n g  numer i ca l l y  t he  s t r u c t u r e  o f  a  stream system, 
and has been used t o  a1 low a  p l ace  compari son f o r  hydrau l  i c  cha rac te r ;  s t  i cs a t  
va r i ous  l o c a t i o n s  w i t h i n  a  stream system. 
Several  w r i t e r s  have i l l u s t r a t e d  t h a t  the  Ho r ton -S t rah le r  system o f  stream 
o rde rs  and t he  assoc ia ted  laws o f  s t ream development have h y d r o l o g i c  i m p l i -  
c a t i o n s .  Wong (1963) developed an e m p i r i c a l  equa t ion  us i ng  m u l t i v a r i a t e  
Figure 10. Stream system, gaging s ta t ions ,  and stream orders 
i n  Sangamon River Basin 
a n a l y s i s  i n  which he showed t h a t  t he  mean annual f l o o d s  i n  90 bas ins i n  New 
England were assoc ia ted  mathemat ica l l y  w i t h  two parameters.  One was an 
i n d i c a t o r  o f  bas i n  s i z e  ( f rom Ho r ton ' s  f i r s t  and second laws) and t h e  o t h e r  
,was an i n d i c a t o r  o f  bas i n  s l ope   orto ton's t h i r d  law) .  Wong used a  m u l t i v a r i a t e  
mathematical  model and exp la i ned  t he  va r i ance  o f  f l o o d  f lows  t o  a  c o e f f i c i e n t  
o f  de te rm ina t i on  R~ o f  0.80. 
S tud ies  o f  r e s e r v o i r  sed imenta t ion  i n  l l l i n o i s  by S t a l l  and B a r t e l l i  (1959) " 
conf i rmed the  a p p l i c a b i l i t y  o f  t he  Hor ton  r e l a t i o n s h i p s  on some l l l i n o i s  bas ins.  
They a l s o  showed t he  importance o f  such channel f a c t o r s  i n  e x p l a i n i n g  sediment 
movement. For 20 watersheds i n  t he  S p r i n g f i e l d  P l a i n  phys iograph ic  d i v i s i o n  
o f  wes t - cen t ra l  I l l i n o i s ,  as shown i n  f i g u r e  1 ,  t he  mean s l ope  o f  t h e  t h i r d -  
o r d e r  streams was found t o  be an impor tan t  q u a n t i t a t i v e  measure i n  e x p l a i n i n g  
t he  sediment d e l i v e r e d  t o  a  r e s e r v o i r .  W r i t i n g s  by Roehl (1963) and M i l l e r  
(1965) a l s o  d iscussed t he  promise which morpholog ica l  f a c t o r s  o f f e r  i n  under- 
s t and ing  sed imenta t ion .  The concept o f  s t ream-order ing  systems has a l s o  been 
d iscussed a u t h o r i t a t i v e l y  by Rzhani t s yn  (1960).  
To i l l u s t r a t e  t he  a v a i l a b i l i t y  and use o f  h y d r a u l i c  and s t ream-order  data,  
examples w i l l  be g i ven  f o r  t he  Sangamon R i v e r  Basin i n  c e n t r a l  I l l i n o i s ,  
shown i n  f i g u r e  10. Here i s  shown t he  s t ream system, t he  l o c a t i o n  o f  t he  18 
s t ream gaging s t a t i o n s  which p rov i ded  da ta  f o r  t h i s  s tudy,  and t he  s t ream 
orders .  
The s tandard 15-minute topograph ic  maps pub1 ished by t he  USGS were used -\ 
f o r  o r d e r i n g  t he  stream systems. The s c a l e  o f  these maps i s  about 1 i nch  = 
1 m i l e .  Accord ing t o  S t r a h l e r  (1957) 
1,000 
the  v i s i b l e  unbranched streams shown on 
the  topograph ic  maps i n  b l u e  were de f i ned  
as t he  f i r s  t - o r d e r  s t  reams. Where two 
f i r s t - o r d e r  streams j o i n ,  a  second-order 300 
st ream begins,  and so f o r t h .  zoo 
A f t e r  t he  whole stream system was 
ordered,  t h e  number o f  streams i n  each 
o rde r  were t o t a l e d .  The l eng th  and 
s lopes o f  streams o f  t he  t h i r d - o r d e r  
through t he  s i x t h - o r d e r  were measured 1 
and averaged. F i gu re  1 1  shows t he  
l i n e a r  r e l a t i o n s h i p s  o f  stream number, 
/ 
average leng th ,  and average s l ope  t o  
s t ream o r d e r  on a  semi log paper.  These I r e l a t i o n s h i p s  prove t h a t  Ho r t on ' s  law i o f  s t ream numbers, law o f  stream leng th ,  and law o f  stream s lopes a r e  a p p l i c a b l e  
\ t o  I l l i n o i s  stream systems. 
The concept has been repo r t ed  by 
Shreve (1967) t h a t  t he  f i r s  t - o r d e r  STREAM ORDER, U 
streams o f  a  s t ream system c o n s t i t u t e  Figure 11. Stream morphology 
t he  bui ld ing blocks o f  t he  system, and factors and stream order 
t h a t  the development o f  the  h i ghe r  o rde r  streams f o l l o w s  a  random process.  T h i s  
concept has a l s o  been repo r t ed  by H i  r sch  (1962) and S t r a h l e r  (1964) . 
P r o ~ o r t i o n a l  Stream Order 
Accord ing t o  Hor ton (1945),  t h e  s t ream o r d e r  i s  d e f i n e d  as i n t ege rs  o n l y .  
Under t h i s  d e f i n i t i o n ,  t he  f o rma t i on  o f  a  s t ream system i s  descr ibed  i n  a  d i s -  
cont inuous manner. I n  o t h e r  words, t he  development o f  a  s t ream system has 
been descr ibed  a t  p o i n t s  o f  j u n c t i o n s  o n l y ,  and t he  v a r i a t i o n  w i t h i n  a  segment 
o f  s t r eam,o f  t he  same o r d e r  has been neg lec ted .  The re fo re  i t  was found use fu l  
t o  m o d i f y ' t h e  s t ream-order ing  system t o  i n c l u d e  no t  o n l y  i n t ege rs  as used by 
Hor ton,  b u t  a l s o  r a t i o n a l  numbers. P r o p o r t i o n a l  s t ream o rde r  U, a t  a  p o i n t  
x, which i s  l oca ted  i n  a  g i ven  s t ream segment o f  o r d e r  U  i s  d e f i n e d  as i '
where 
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and NlX = t o t a l  number o f  f i r s t - o r d e r  streams above p o i n t  x; Nls = t o t a l  number 
o f  f i r s t - o r d e r  streams above the  s t a r t -  
i n g  p o i n t  o f  t he  s t ream o f  o r d e r  U i  i n  
ques t ion ;  and Nle = t o t a l  number o f  
f i r s t - o r d e r  streams above t he  ending 
p o i n t  o f  t he  s t ream o f  o r d e r  U i .  When 
Nle = Nls, t h e  va l ue  o f  Ux i s  de f i ned  
as zero.  When Nl,+ = Nle, U, i s  de f ined  
as 0.99 t o  m a i n t a i n  cons is tency .  T h i s  
p r o p o r t i o n a l  s t ream o r d e r  can be used 
t o  determine t he  r e l a t i v e  p o s i t i o n  o f  a  
p o i n t  on a  g i v e n  s t ream i n  t he  Hor ton-  
S t r a h l e r  system. Wi th  t h i s  concept,  
t he  s t ream measurements ob ta i ned  f rom 
va r i ous  gaging s t a t i o n s  w i t h i n  a  r i v e r  
b a s i n  can be s t u d i e d  more s y s t e m a t i c a l l y  
than i s  p o s s i b l e  by the  Ho r ton -S t rah le r  
sys tem a  1 one. 
F i g u r e  12 shows an example o f  how 
the  p r o p o r t i o n a l  s t ream o r d e r  i s  d e t e r -  
mined. P o i n t  x i s  l oca ted  on a  f o u r t h -  
o r d e r  stream. The number o f  f i r s t - o r d e r  
streams above the  s t a r t  o f  t h i s  f o u r t h -  
o r d e r  s t ream i s  12, so  Nls = 12. The 
F i g u r e  12. De te rm ina t i on  of t h e  number o f  f i r s t - o r d e r  streams above 
p r o p o r t i o n a Z  s t ream o r d e r  a t  p o i n t  p o i n t  x i s  20, so Nlx = 20. The number 
x of a four th -o rder  s t ream o f  f i r s t - o r d e r  streams above t he  lower 
end o f  t h i s  f o u r t h - o r d e r  s t ream i s  31,  so N , ,  = 31.  There fo re ,  t he  p r o p o r t i o n a l  
s t ream o r d e r  was found t o  be 4.42 us i ng  equa t ions  5 and 6. 
The f i r s t - o r d e r  stream w i t h  i t s  c o n t r i b u t i n g  dra inage area can be cons id -  
e red  as t he  b u i l d i n g  b l o c k  o r  u n i t  c e l l  o f  a  watershed. There fo re ,  t he  f i r s t -  
o r d e r  streams themselves, o f  a  g i ven  map, cannot be p ropo r t i oned  us i ng  
equa t ions  5 and 6. The r e l a t i o n s h i p  between t he  p r o p o r t i o n a l  s t ream o r d e r  and 
t he  d ra inage  area w i l l  be d iscussed l a t e r .  
Hydrau l  i c  Geometry Fac to rs  
The a s s o c i a t i o n  o f  d ischarge '  t o  f requency o f  occurrence has been shdwn i n  
equa t i on  4. Wi th  the  development o f  p r o p o r t i o n a l  stream o rde r  descr ibed ,  i t  
was found t h a t  equa t i on  4 can be extended i n t o  a  l i n e a r  m u l t i p l e  r eg ress i on  
model such as 
i n  which y i s  an e m p i r i c a l  cons tan t .  The d ischarge  i s  t h e  p roduc t  o f  c ross -  
s e c t i o n a l  area and v e l o c i t y ,  Q = AW; and c r o s s - s e c t i o n a l  area equals  w i d t h  
t imes depth,  A  = WD. There fo re ,  f o u r  a d d i t i o n a l  equat ions t h a t  have forms 
s i m i l a r  t o  equa t i on  7 can a l s o  be developed r e l a t i n g  t he  h y d r a u l i c  geometry 
f a c t o r s  A, V, W, and D t o  t h e  p r o p o r t i o n a l  s t ream o rde r  and frequency o f  
occurrence.  A  s e t  o f  these f i v e  equa t ions  i s  shown l a t e r .  The r e l a t i o n s h i p s  
between these f i v e  equat ions a re :  
D ischarge measurement records and f l o w  d u r a t i o n  f requency curves were 
a v a i l a b l e  f o r  18 s t ream gaging s t a t i o n s  w i t h i n  t he  watershed o f  t h e  Sangamon 
R i v e r  ( f i g u r e  10).  The h y d r a u l i c  geometry i n f o r m a t i o n  measured a t  t h e  gaging 
s t a t i o n  a t  Sugar Creek near Har tsburg  can be u t i l i z e d  as an example. F i r s t ,  ,-,,: 
t h e  d ischarges can be ob ta i ned  f o r  a  s e t  o f  s e l e c t e d  f requenc ies  by us i ng  t he  i 
f l o w  d u r a t i o n  curve.  Secondly, t he  va lues o f  t h e  h y d r a u l i c  geometry f a c t o r s  / 
can be determined f rom f i g u r e  5 f o r  t he  g i ven  d ischarges.  Table  2  shows t h e  ] 
va lues o f  A, V, W, and D t o  t he  cor responding va lues o f  F and Q t h a t  a r e  
dep i c t ed  i n  f i g u r e  5. 
Equat ions 
E igh teen  t a b l e s  s i m i l a r  t o  t a b l e  2  were prepared i n  t h i s  s tudy  f o r  t he  
Sangamon R i ve r  Basin.  A f t e r  t h e  p r o p o r t i o n a l  stream o rde rs  f o r  these 18 stream 
gaging s t a t i o n s  were determined, the  va lues o f  h y d r a u l i c  geometry f a c t o r s  o f  
a l l  gag ing s t a t i o n s  were p l o t t e d  on semi log papers,  as shown i n  f i g u r e  13, and 
t he  cor respond ing  equat ions eva luated.  F i g u r e  13 shows da ta  f o r  s t ream o r d e r  
and f o r  d ischarges w i t h  t he  same frequency o f  occurrence F, f o r  these 18 
gaging s t a t i o n s .  The curves were f i t t e d  as s t ra igh t  l i n e s  on t h e  semi log p l o t .  
Table 2.  Hydraul  i c  Geometry Factors  Rela ted To Flow Frequency For 
Sugar Creek Near Har tsburg  
Flow Cross-sect . Mean 
frequency D i scha rge area V e l o c i t y  Width depth 
F Q A V W D 
(% (cfs (sq  S t )  (fps) ( s t )  ( f t )  
The d ischarges a t  10-percent f requency (uppermost l i n e )  g i v e  a  b e t t e r  f i t  w i t h  
stream o rde r  than do the  o t h e r  two l i n e s  a t  50- and 90-percent f requenc ies .  
Th i s  suggests t h a t  t he  h i ghe r  f l o w  r a t e s  e x e r t  more h y d r a u l i c  e f f e c t  on the  
geometry o f  the  s t ream system. 
2 3 4 5 6 7 8 
STREAM OROER. U 
F i g u r e  1 3.  Discharge as  r e  Zated t o  
p r o p o r t i o n a l  s t ream o r d e r  and  
frequency of occurrence 
S i m i l a r l y ,  t he  assoc ia t i ons  o f  t he  
channel c ross - sec t i ona l  area,  v e l o c i t y ,  
w id th ,  and depth t o  p r o p o r t i o n a l  s t ream 
o rde r  were a l s o  made f o r  t h e  Sangamon 
Basin,  and a s e t  o f  f i v e  h y d r a u l i c  
geometry equa t ions  were developed. 
These a re :  
i n  which,  Q i s  i n  cub i c  f e e t  pe r  second, 
A i n  square f e e t ,  V i n  f e e t  pe r  second, 
W and D i n  f e e t .  The des igna t i on  I n  
s i g n i f i e s  a  l o g a r i t h m  t o  t he  base e. 
The frequency o f  occurrence F i n  
equat ions 10 t o  14 i s  l i m i t e d  f rom 10- 
t o  90-percent o f  the  days. These 
h y d r a u l i c  geometry equat ions a r e  expected 
t o  g i v e  bes t  r e s u l t s  a t  h i ghe r  f l o w  ra tes  
as shown i n  f i g u r e  13. The development o f  these equa t ions  i s  c l o s e l y  r e l a t e d  
t o  t h e  Zaws o f  s t ream morphology pub1 ished by Hor ton  (1945) ; these equa t ions  I 
can be cons idered as an ex tens ion  o f  Ho r t on ' s  work i n t o  t h e  rea lm o f  h y d r a u l i c  , 
geomet r y  o f  s t  reams. 
R e l a t i o n  o f  Drainade Area t o  H v d r a u l i c  Geometrv Fac to rs  
The use o f  Ho r t on -S t rah le r  s t ream o rde r  numbers t o  des igna te  t h e  va r i ous  
p a r t s  o f  t h e  s t ream system i s  r e l a t i v e l y  new i n  hydro logy .  I t  i s  w e l l  known 
however t h a t ,  p rogress ing  downstream th rough  a  s t ream system, t he  dra inage 
area increases.  I t  was found t h a t  s t ream o rde r  can be r e l a t e d  t o  dra inage 
area by 
where p and q a r e  e m p i r i c a l  cons tan ts .  For example, p l o t t i n g  t h e  d ra inage  area 
Ad i n  square m i l e s  a g a i n s t  t he  p r o p o r t i o n a l  s t ream o rde r  U o f  each gaging 
s t a t i o n  on semi log paper shows t he  r e l a t i o n s h i p  between Ad and U f o r  t h e  
Sangamon Bas in  t o  be 
. 
\ 
I n  Ad = -0.25 + 1.19 U (16) 
F i gu re  14 shows t he  r e l a t i o n s h i p  between A and U f o r  t he  Sangamon. The 
s t r a i g h t  l i n e  d e p i c t s  equa t ion  16. There fo re ,  $he dra inage area Ad can rep lace  
t he  p r o p o r t i o n a l  s t ream o r d e r  U i n  equa t ions  10 t o  14. 
To enable  t h e  reader o f  t h i s  r e p o r t  
t o  conver t  t h e  dra inage area back t o  t h e  
p r o p o r t i o n a l  s t ream o rde r ,  t h e  r e l a t i o n s  
o f  d ra inage  area t o  s t ream o rde r  f o r  t he  
18 bas ins  a r e  l i s t e d  i n  t a b l e  3. 
So l v i ng  f o r  U f rom equa t ion  16 and 
s u b s t i t u t i n g  t he  r e s u l t  i n t o  equat ions 
10 t o  14 produces a  s e t  o f  f i v e  equat ions 
which represen ts  t he  r e l a t i o n  o f  dra inage 
area t o  h y d r a u l i c  geometry f a c t o r s  f o r  
t h e  Sangamon Basin.  
10 I I I I I 
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Figure 14.  Drainage area re lated t o  
stream order for Sangamon River Basin 
The f i v e  equat ions a re :  
I n  Q = 0.65 - 4.93 F + 1.03 i n  Ad 
I n  A = 1.66 - 3.98 F + 0.77 i n  Ad 
I n  V = -1.01 - 0.95 F + 0.26 i n  Ad 
I n  W = 1.62,&- 1.70 F + 0.51 i n  Ad 
I n  D = 0.04 - 2.28 F + 0.26 i n  Ad 
Table 3. Drainage Area R e l a t i o n  t o  Stream Order 
f o r  18 Basins 
General form o f  equa t ion :  
where 
= dra inage area i n  square m i l e s  
= p r o p o r t i o n a l  s t  ream o rde r  
I n  denotes a  n a t u r a l  l oga r i t hm 
p and q a r e  e m p i r i c a l  constants  g i ven  below 
Bas i n  
Rock 
Ga 1 ena 
Fox 
Des P la ines  
Kan ka kee 
Vermi 1 i o n  
( l l l i n o i s  R.   as in) 
Mack i naw 
Henderson 
Spoon 
La Moi ne 
S ~ Y  
Sangamon 
Kas kas k i a  
Vermi 1 i o n  
(Wabash R. Basin) 
Emba r ras 
\/ L i t t l e  Wabash 
B ig  Muddy 
B i g  Bay 
Equat ions 17 t o  21, showing the  h y d r a u l i c  geometry f a c t o r s ,  a r e  power 
f u n c t i o n s  o f  t he  dra inage area. For example, equa t i on  17 can be r e w r i t t e n  as 
where e = the  base o f  t he  n a t u r a l  l oga r i t hms .  Equat ion 22 i s  a  numerical  
example o f  t h e  power f u n c t i o n a l  r e l a t i o n s h i p  between t h e  d ischarge  Q and t h e  
dra inage area Ad. The genera l  equa t ion  f o r  such a  r e l a t i o n s h i p  can be ob ta ined  
by s o l v i n g  equa t ion  7 i n  terms o f  equa t i on  19, t h a t  i s  
Because a, P ,  y, p ,  and q a r e  e m p i r i c a l  cons tan ts ,  t he  independent v a r i a b l e s  i n  
equa t i on  23 a r e  F and Ad. There fo re ,  when Ad = 1 ,  equa t i on  23 i s  reduced t o  . 
t h e  same form as equa t ion  4. On t h e  o t h e r  hand, when F has a  g i ven  va lue  
between 0.1 and 0.9, equa t ion  23 becomes a  s imp le  power f u n c t i o n  w i t h  a  form 
s i m i l a r  t o  t h e  s imple  f lood formulas as c l a s s i f i e d  by Chow (1962).  
Again,  us ing  equat ions 17 t o  21 as an example, I n  Ad can be so lved  f rom 
equa t i on  17 and t h e  r e s u l t  s u b s t i t u t e d  i n t o  equa t ions  18 t o  21, t o  o b t a i n  a  s e t  
o f  f o u r  equat ions which represen t  t h e  r e l a t i o n  o f  d i scharge  Q t o  h y d r a u l i c  
f a c t o r s  W, D, V, and A f o r  t he  Sangamon Bas in  i n  s imp le  power f u n c t i o n s  
I t  shou ld  be noted here  t h a t  equa t ions  24 t o  27 can a l s o  be ob ta i ned  us i ng  
equa t ions  10 t o  14. 
Equat ions 24 t o  26 have t he  same forms as equa t ions  1 t o  3,  r e s p e c t i v e l y .  
The former were de r i ved  by t he  a p p l i c a t i o n  o f  p r o p o r t i o n a l  s t ream o r d e r  o r  
dra inage area f o r  t he  stream system a n a l y s i s .  There fo re ,  equa t ions  24 t o  26 
can be cons idered as a  r a t i o n a l  v e r i f i c a t i o n  o f  t h e  work o f  Leopold and 
Maddock (1953) represented by equa t ions  1 t o  3.  
I n  t h e  morpholog ica l  a n a l y s i s  o f  s t ream systems, t h e  Ho r ton -S t rah le r  
s t ream-order ing  system has been used e x t e n s i v e l y .  The v a l i d i t y  o f  t h i s  o rde r -  
i ng  system has been shown t ime and aga in  by such w r i t e r s  as Leopold and M i l l e r  
(1956),  Hack (1957),  Morisawa (1959),  and Broscoe (1959).  However, f o r  t he  
h y d r o l o g i c  a n a l y s i s  o r  eng ineer ing  a p p l i c a t i o n ,  the  d ra inage  area has been 
cons idered as a  more impor tan t  v a r i a b l e  a f f e c t i n g  the  r u n o f f  f rom a  g i ven  
bas in .  
For  a p p l i c a t i o n  purposes,  18 s e t s  o f  h y d r a u l i c  geometry e q u a t i o n s  w h i c h  
have t h e  same forms as e q u a t i o n s  17 t o  21 a r e  l i s t e d  i n  t a b l e  4 as t h e  r e s u l t -  
i n g  e q u a t i o n s  f o r  18 r i v e r  b a s i n s  o f  I l l i n o i s .  The reasons f o r  p u b l i s h i n g  
/ t h e  e q u a t i o n s  u s i n g  t h e  d r a i n a g e  a r e a  Ad i n s t e a d  o f  t h e  p r o p o r t i o n a l  s t ream 
o r d e r  U a r e :  1) d r a i n a g e  a rea  maps a r e  r e a d i l y  a v a i l a b l e ,  2) d e t e r m i n i n g  a  
d r a i n a g e  a r e a  i s  e a s i e r  t h a n  d e t e r m i n i n g  a  p r o p o r t i o n a l  s t ream o r d e r ,  and 3) 
t h e  measurement o f  a  d r a i n a g e  a rea  i s  more a c c u r a t e  than  t h a t  o f  t h e  s t ream 
o r d e r  because t h e  s t ream o r d e r s  were de te rm ined  f r o m  t h e  USGS 15-minutes 
t o p o g r a p h i c  maps and maps o f  o t h e r  s i z e s  wou ld  change t h e  o r d e r s .  
T a b l e  4 .  H y d r a u l i c  Geometry Equa t ions  f o r  18 
R i v e r  Bas ins  
D e s c r i p t i o n  o f  U n i t s  
Q = d i s c h a r g e  i n  c f s  
A = c r o s s - s e c t i o n a l  a r e a  i n  sq f t  
V = average v e l o c i t y  i n  f p s  
W = w i d t h  o f  s t ream a t  t h e  s u r f a c e  i n  f t  
D = average dep th  o f  s t ream i n  f t  
Ad = d r a i n a g e  a r e a  i n  sq m i  
F = f requency i n  p e r c e n t  o f  days, as a  dec imal  
I n  denotes  t h a t  a l l  l o g a r i t h m s  a r e  n a t u r a l  l o g a r i t h m s  t o  t h e  base 
e = 2.713 
Rock River Des Plaines River 
Galena River Kankakee River 
Fox River Vermilion River (IZZinois River Basin) 
Table 4 (continued) 
Mackinaw River Kaskaskia River 
Henderson Creek Vermilion River (Wabash River Basin) 
Spoon River Embarras River 
La Moine River L i t t l e  Wabash River 
Sny River , Big Muddy River 
Sangamon River Big Bay Creek 
RESULTS 
Equat ions and Graphs 
Equat ions 17 t o  21 f o r  t he  Sangamon R i ve r  Bas in  exemp l i f y  t h e  p r imary  
r e s u l t s  o f  t h i s  s tudy .  Th i s  s e t  o f  f i v e  equat ions shows q u a n t i t a t i v e  r e l a t i o n s  
between d ischarge ,  c ross - sec t i ona l  area, stream depth,  w i d t h ,  and v e l o c i t y  f o r  
va r i ous  d ra inage  areas w i t h i n  the  bas in .  These equa t ions  can be used t o  com- 
pu te  a  gene ra l i zed  va lue  f o r  any o f  these parameters anywhere w i t h i n  the  bas in .  
These r e s u l t s  a r e  presented g r a p h i c a l l y  i n  f i g u r e  15, i n  which p a r t s  A through 
E g i v e  r e p r e s e n t a t i o n  o f  the f i v e  equa t ions  17 t o  21. I n  each p a r t  o f  f i g u r e  
15 one o f  t he  s t ream system parameters i s  assoc ia ted  w i t h  d ra inage  area and 
frequency o f  occurrence o f  a  p a r t  i cu 1 a r  d  i scha rge. 
The type  o f  i n f o r m a t i o n  
10,000= I  1 1 1  1 1 1 '  I I I 1 1  1 1 1  I I I I I IU  which can be read f rom the  
- - 
- - 
- PART A graphs i n  f i g u r e  15 i s  i l l u s -  - 
- - t r a t e d  as f o l l o w s .  
7 - 
- - Suppose i t  i s  d e s i r a b l e  t o  
know, w i t h i n  t h e  Sangamon R i ve r  
1,000 - + 
- - Basin,  what the  stream-channel 
- - 
- - c h a r a c t e r i s t i c s  m igh t  be a t  a  
7 - 
- - d r a i  nage area o f  100 square 
- - m i l e s  d u r i n g  a  d ischarge  which 
- occurs  50 percen t  o f  t h e  t ime.  
By read ing  t he  graph i n  p a r t  A 
- 
1 o f  f i g u r e  15, i t  i s  no ted  t h a t ,  
- 
- a t  a  d ra inage  area o f  100 square 
- 
- m i l e s  and a t  a  f requency o f  F = 
- 0.5, t h e  d ischarge  i s  about 18 - 
- c u b i c  f e e t  pe r  second. P a r t  B 
o f  f i g u r e  15 shows t h a t  f o r  a  
- 
- dra inage  area o f  100 square 
- 
- m i l e s  and a t  a  f requency o f  F = 
- 
- 0.5, t he  c ross - sec t i ona l  area 
- o f  the  s t ream i s  about 21 square 
- f e e t .  P a r t  C shows t h a t ,  under 
such c o n d i t i o n s ,  t h e  mean ve loc -  
- i t y  would be about 0.7 f e e t  pe r  
- 
- 
- second. P a r t  D then i n d i c a t e s  
- 
- t h a t  t he  average depth under 
- such c o n d i t i o n s  would be about 
0.1 
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upon t h e  c o n s i s t e n t  p a t t e r n s  o f  h y d r a u l i c  geometry as p r e s e n t e d  i n  these  graphs 
and by e q u a t i o n s  17 t o  21. 
The comple te  r e s u l t s  o f  t h i s  s t u d y  f o r  t h e  18 b a s i n s  i n  I l l i n o i s  a r e  p r e -  I 
sen ted  i n  e q u a t i o n  f o r m  i n  t a b l e  4 (page 20) .  A  s e t  o f  f i v e  e q u a t i o n s ,  s i m i l a r  
t o  e q u a t i o n s  17 t o  21 f o r  t h e  Sangamon R i v e r  Bas in ,  p r e s e n t s  t h e  h y d r a u l i c  
geometry f o r  each o f  t h e  18 r i v e r  b a s i n s  ( f i g u r e  2 ) .  I n  each case i t  i s  I I 
p o s s i b l e  t o  o b t a i n  a  s o l u t i o n  by u s i n g  t h e  s e t  o f  f i v e  e q u a t i o n s  as g i v e n  i n  
t a b l e  4. I t  wou ld  a l s o  be p o s s i b l e  t o  p l o t  t h e s e  r e l a t i o n s  g r a p h i c a l l y  f o r  
any o f  t h e  18 b a s i n s  by t h e  use o f  t hese  e q u a t i o n s ,  as was done i n  f i g u r e  15 
f o r  t h e  Sangamon Bas in .  
The use o f  e q u a t i o n s  17 t o  21, o r  any o f  t h e  e q u a t i o n s  i n  t a b l e  4, w i l l  
be shown n u m e r i c a l l y  by example. Suppose i t  i s  d e s i r e d  t o  know t h e  c r o s s -  
s e c t i o n a l  a rea  o f  a  s t r e a m  i n  t h e  Sangamon R i v e r  Bas in  a t  a  l o c a t i o n  where t h e  
d r a i n a g e  a rea  i s  10 square  m i l e s ,  a t  a  f l o w  wh ich  o c c u r s  90 p e r c e n t  o f  t h e  days 
p e r  yea r .  Then Ad = 10 square m i l e s  and F = 0.90, and t h e  g o v e r n i n g  e x p r e s s i o n  
i s  e q u a t i o n  18: 
and 
A = 0.86 square  f e e t .  
R e s u l t s  a r e  n o t  a v a i l a b l e  f o r  a l l  o f  t h e  s t ream b a s i n s  i n  I l l i n o i s ,  o n l y  
f o r  t h e  18 b a s i n s  shown i n  f i g u r e  2. As d e s c r i b e d  e a r l i e r ,  s u f f i c i e n t  da ta  
were n o t  a v a i l a b l e  i n  t h e  rema in ing  b a s i n s  t o  d e s c r i b e  mean ing fu l  h y d r a u l i c  
geometry e q u a t i o n s , t h a t  i s ,  two o r  l e s s  gag ing  s t a t i o n s  were a v a i l a b l e .  I f  
/ t h e  reader  d e s i r e s  t o  o b t a i n  r e s u l t s  f o r  one o f  t h e  b a s i n s  f o r  w h i c h  e q u a t i o n s  
( a r e  n o t  a v a i l a b l e ,  t h e  a u t h o r s  suggest  t h a t  a  s o l u t i o n  be made f o r  an a d j o i n i n g  b a s i n  o r  b a s i n s  f o r  w h i c h  d a t a  a r e  a v a i l a b l e .  Use o f  t h e s e  s o l u t i o n s ,  and 
judgment,  wou ld  p r o v i d e  a  genera l  answer. 
H o r t o n - S t r a h l e r  Parameters 
One o f  t h e  m a j o r  e f f o r t s  o f  t h i s  s t u d y  was t h e  d e t e r m i n a t i o n  o f  t h e  
/ H o r t o n - S t r a h l e r  s t ream o r d e r s  f o r  each o f  t h e  18 b a s i n s  s t u d i e d .  A f t e r  o r d e r  
I numbers were  ass igned ,  coun ts  were  made o f  t h e  number o f  s t ream segnlents o f  
each o r d e r ,  t h e  average l e n g t h  o f  t h e  s t reams o f  each o r d e r ,  and t h e  average 
s lope  f o r  each o rde r .  As descr ibed  e a r l i e r ,  t h e  graph i n  f i g u r e  1 1  shows how 
these Ho r ton -S t rah le r  stream parameters f o l  low Ho r ton ' s  va r i ous  laws. The 
da ta  i n  f i g u r e  1 1  a re  f o r  the  Sangamon R i v e r  Basin.  
The measurement and de te rm ina t i on  o f  these s t ream system parameters i s  
b e l i e v e d  t o  be a  va l uab le  p a r t  o f  t he  r e s u l t s  o f  t h i s  s tudy .  Table  5 g i ves  
t h e  complete t a b u l a t i o n  o f  the  Ho r ton -S t rah le r  s t ream system parameters f o r  
Table  5. Ho r t on -S t rah le r  Stream System Parameters 
f o r  18 R i v e r  Basins 
Numbe r Average Average Number Average Average 
Stream o f  l eng th  s lope  Stream o f  l eng th  s lope  
o r d e r  streams (mi) (ft/mi) o r d e r  streams (mi) (ft/mi) 
Rock River Basin 
Galena River Basin 
Fox River Basin 
Des Plaines River Basin 
Kankakee River Basin 
Vermilion River (Illinois R. Basin) 
Mackinaw River Basin 
Henderson Creek Basin 
Table 5  (Cont inued) 
Number Average Average Numbe r Average Average 
Stream o f  l eng th  s l ope  Stream o f  l eng th  s l ope  
o rde r  streams ( m i )  ( f t / m i )  o r d e r  streams ( m i )  ( f t / m i )  
Spoon River Basin Vemni Zion River (Wabash R. Basin) 
-1. 
La Moine River Basin Considered o n l y  t o  Ind iana  s t a t e  l i n e  
and n o t  f u l l  l eng th  
2  200 
3 4 2  5.9 15.9 Embarras River Basin 
Sny River Basin 
Sangamon River Basin 
L i t t l e  Wabash River 
2 424 6  2  30.2 0.50 
3 103 6.2 9.0 7 1 33 .1  0.18 
4 26 10.8 
5  5  59.7 
4 '  Big Muddy River Basin 1.9 
Kaskaskia Basin 
4 7 12.3 
13 15.5 5. B i g  Bay Creek Basin 3.0 
each o f  t h e  18 r i v e r  bas ins s t ud ied .  The s t ream o rde r ,  t he  number o f  streams, 
t he  average l eng th  i n  m i l es ,  and t h e  average s lope  i n  f e e t  per  m i l e  a r e  shown 
f o r  each bas in .  
S ta tew ide  Gene ra l i za t i on  
I n  a d d i t i o n  t o  t h e  h y d r a u l i c  geometry r e s u l t s  presented sepa ra te l y  f o r  18 
bas ins i n  t a b l e  4, i t  i s  p o s s i b l e  t o  use t h e  same mathematical  model and f i t t i n g  
methods t o  produce a  s e t  o f  composite h y d r a u l i c  geometry equat ions f o r  t he  
s t a t e  o f  l l l i n o i s  as a  whole. Th i s  has been done and the  r e s u l t s  a r e  shown i n  
t a b l e  6.  Here equat ions 28 t o  32 a r e  t he  s ta tew ide  composite equa t ions  w r i t t e n  
i n  terms o f  the  f requency o f  f l o w  F and p r o p o r t i o n a l  s t ream o r d e r  U. Equat ions 
33 t o  36 a r e  s t a tew ide  equa t ions  so lved  f o r  the  p r o p o r t i o n a l  stream o rde r ,  so 
t h a t  t he  r e s u l t i n g  equat ions a r e  w r i t t e n  i n  terms o f  f requency and d ischarge  
o n l y .  The form o f  equat ions 34 t o  36 i s  s i m i l a r  t o  t h a t  g i ven  i n  equat ions 1 ,  
2, and 3 as w r i t t e n  by Leopold and Maddock (1953).  
Equat ion 37 i n  t a b l e  6  shows the  s ta tew ide  gene ra l i zed  r e l a t i o n  between 
dra inage area and p r o p o r t i o n a l  stream o r d e r .  Equat ions 38 t o  42 a r e  t he  
complete gene ra l i zed  composite s t a tew ide  h y d r a u l i c  geometry equat ions w r i t t e n  
i n  terms o f  dra inage area. These a re  d i r e c t l y  comparable t o  t he  equa t ions  
g i ven  i n  t a b l e  4, a l though  equat ions 38 t o  42 a re  a  gene ra l i zed  s e t ,  a p p l i c a b l e  
o n l y  g e n e r a l l y  t o  t he  e n t i r e  s t a t e  o f  I l l i n o i s .  
Tab le  6 .  Composite H y d r a u l i c  Geometry Equat ions f o r  t he  
S t a t e  o f  I l l i n o i s  
Equat ion 
U n i t s  number 
I n  Q = 1.176 - 5.22 F + 0.984 i n  Ad c f s  (38) 
I n  A  = 1.279 - 3.41 F + 0.826 I n  Ad sq f t  (39) 
I n  V = -0.103 - 1.81 F + 0.158 i n  Ad f ~ s  (40) 
I n  W = 1.986 - 1.85 F +  0.472 I n  Ad f t (41 
I n  D = -0.707 - 1.56 F + 0.354 I n  Ad f t (42) 
, 
For a c t u a l  use i n  l l l i n o i s  i t  i s  recommended t h a t  the  equat ions f rom 
t a b l e  4  be used f o r  the app rop r i a te  r i v e r  bas in ,  s i nce  f o r  any o f  t he  18 
bas ins ,  the  bas in  equat ions a re  cons iderab ly  more p r e c i s e .  The s ta tew ide  1 
equat ions have va lue  as a  means o f  comparing the  general  I l l i n o i s  r e s u l t s  w i t h  
those o f  o t h e r  researchers throughout  the Un i ted  S ta tes .  
1 
  able 7. Values o f  Hydraul  i c  Geometry Exponents and C o e f f i c i e n t s  




Ga 1 ena 
Fox 
Des P la i nes  
Kan ka kee 
Vermi 1 i o n  
( l l l i n o i s  R .    as in) 




S ~ Y  
Sangamon 
Kaskaskia 
Vermi 1 i o n  
 abash R .    as i n )  
Emba r ras 
L i t t l e  Wabash 
B i g  Muddy 
B ig  Bay Creek 
Mean 
Standard d e v i a t i o n  
Exponents 
w i d t h  depth v e l o c i t y  area 
b f m b+f 
C o e f f i c i e n t s  
(F=o. 1  ) 
w i d t h  depth v e l o c i t y  area 
a c k ac 
-- 
White R i ve r ,  Ind .  0.45 0.46 0.09 0.91 6.02 0 . 1  1.24 0.80 I 
Midwest R ivers  
( ~ e o p o l d  & Maddock 
1953) 0.50 0.40 0.10 0.90 1 
T h e o r e t i c a l  
( ~ e o ~ o l d  & Langbein i ( 
1962) 0.55 0.36 0.09 0.91 ( s  1 
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I 
d esc r i be  t he  i n t e r r e l a t i o n  o f  these f a c t o r s  a t  a  p a r t i c u l a r  s t a t i o n .  For 
example, the  curves i n  f i g u r e  5  a r e  h y d r a u l i c  r a t i n g  curves f o r  t he  s p e c i f i c  
stream gaging s t a t i o n  l oca ted  on Sugar Creek near Har tsburg  i n  the  Sangamon 
R i v e r  Bas in .  Using the  form o f  equat ions 1 ,  2, and 3 makes i t  p o s s i b l e  t o  
j 
determine the  c o e f f i c i e n t s  and exponents f o r  t h i s  s t a t i o n .  Because our  
s t ud ies  i n  I l l i n o i s  have been c a r r i e d  o u t  o n l y  f o r  d ischarges which occur  
between du ra t i ons  o f  10 and 90 percen t  o f  the  days o f  t he  year ,  o n l y  t h a t  
p o r t i o n  o f  t he  curves t o  the l e f t  o f  the  dashed l i n e  a t  469 c f s  i n  f i g u r e  5  
I 
were used t o  f i t  equat ions 1 ,  2, and 3 t o  t he  curves.  I 
Table 8  g ives  t he  exponents b, f, and rn f o r  equa t ions  1 ,  2, and 3 which 
1 
were used t o  f i t  t he  h y d r a u l i c  r a t i n g  curves f o r  t h e  18 i n d i v i d u a l  s t ream 
gaging s t a t i o n s  w i t h i n  t he  Sangamon R i ve r  Bas in .  I n  t a b l e  8  t he  e n t r y  f o r  9 
the  s t ream gaging s t a t i o n  on Sugar Creek near Har tsburg,  which was i l l u s t r a t e d  1 
i n  f i g u r e  5, shows t h a t  t he  w i d t h  exponent has a  va lue  o f  b = 0.24, t he  depth ( 
exponent f = 0.43, and t he  v e l o c i t y  exponent rn = 0.33. These exponents 
represen t  t he  s lope  o f  the  curves i n  f i g u r e  5. I nspec t i on  o f  t a b l e  8  makes 
I 
l 
i t  p o s s i b l e  t o  see the  v a r i a t i o n  i n  these s t a t i o n  va lues o f  exponents i n  t he  
Table  8. S t a t i o n  Values o f  Exponents i n  H y d r a u l i c  
Geometry o f  the  Sangamon R i ve r  Bas in  and Midwest 
Exponents 
Gag i ng Stream w i d t h  depth v e l o c i t y  area 
s t a t i o n  o rde r  b _f rn b+f 
Nokom i s  
Eas t on  
DeLand 
S p r i n g f i e l d  
Corn 1 and 
Waynesv i l l e  
L i n c o l n  
Rowe 1 1 
T a y l o r v i l l e  
Mahome t 
M o n t i c e l l o  
Oakley 
Har tsburg  
K i n c a i d  
Rochester 
R i v e r t o n  
G reenv i ew 
Oakford 
Mean 0.29 0.45 0.26 0.74 
Standard d e v i a t i o n  0.09 0.09 0.07 0.07 
Midwest R ive rs  
( ~ e o p o l d  & Maddock 1953) 0.26 0.40 0.34 0.66 
hydrau l  i c  geometry equat ions throughout  t he  bas in .  Table  8 a l s o  shows t he  
mean va lues o f  these bas in  exponents and s i m i l a r  s t a t i o n  va lues de r i ved  f o r  
o t h e r  Midwest r i v e r s .  I t  can be seen t h a t  t he  l l l i n o i s  va lues a re  comparable 
w i t h  those o f  the o t h e r  r i v e r s  o f  t he  Midwest. 
Area l  V a r i a t i o n  i n  Stream Parameters 
To p r o v i d e  an o v e r a l l  frame o f  r e fe rence  f o r  cons ide r i ng  t he  v a r i a t i o n  i n  
t he  va r i ous  hydrau l  i c  geometry stream system parameters f o r  t he  va r i ous  p a r t s  
o f  t he  s t a t e ,  i t  was decided t o  inspec t  t he  v a r i a t i o n  o f  these parameters 
under a  p resc r i bed  s e t  o f  s tandard c o n d i t i o n s .  For t h i s  purpose a  dra inage 
area o f  100 square m i l es  and a  d ischarge  e q u i v a l e n t  t o  t h a t  equa l l ed  o r  
exceeded 10 percen t  o f  the  days each year,  F = 0.10, were se lec ted .  A dra inage 
area o f  100 square m i l e s  i s  a  medium-sized d ra inage  area, l a r g e  enough t h a t  the  
s t ream system parameters can be w e l l  determined and y e t  no t  so l a r g e  as t o  su f -  
f e r  f rom l ack  o f  compa rab i l i t y .  A d i scharge  equa l l ed  o r  exceeded 10 percent  . 
o f  t he  days i s  be l i eved  t o  bes t  represen t  a  channel-forming d ischarge .  
E a r l i e r  w r i t e r s  have descr ibed  t he  concept o f  a  characteristic discharge 
as be ing  t h a t  which i s  most impor tan t  i n  c a r v i n g  t he  s t ream channel .  As 
descr ibed  e a r l i e r  and shown i n  f i g u r e  13, t h i s  s tudy has revealed t h a t  t he  
d ischarges which were exceeded a t  a  f requency o f  10 percen t  o f  the  days seemed 
t o  be bes t  c o r r e l a t e d  w i t h  d ischarge  and stream o rde r .  I n  t he  f i t t i n g  o f  
equat ions f o r  a l l  o f  the  o t h e r  parameters i t  was n o t i c e d  t h a t  i n v a r i a b l y  t he  
10 percen t  f requency curves seemed t o  f i t  t he  mathematical  model bes t .  For 
t h i s  reason i t  i s  b e l i e v e d  t h a t  t he  10 percen t  f requency d ischarge  c o n d i t i o n s  
a re  s t r o n g l y  r e l a t e d  t o  t he  channel c h a r a c t e r i s t i c s .  
Table  9 and f i g u r e  16 p resen t  some o f  the  impor tan t  va lues o f  stream 
parameters i n  l l l i n o i s  f o r  s tandard cond i t i ons  o f  a  d ra inage  area o f  100 square 
m i l e s  and a  10 percen t  f requency d ischarge.  F i gu re  16a shows t h a t  t h e  mean 
annual d i scharge  f rom a  100-square-mi le b a s i n  increases f rom 55 c f s  i n  no r t h -  
western l l l i n o i s  t o  130 c f s  i n  extreme southern I l l i n o i s .  The v a r i a t i o n  i n  
t he  10 percen t  f requency d ischarge  ( f i g u r e  16b) v a r i e s  f rom 100 c f s  i n  no r t he rn  
l l l i n o i s  t o  250 c f s  i n  southern I l l i n o i s ,  d i s p l a y i n g  t he  same genera l  p a t t e r n  
as the  mean annual d ischarge.  F i gu re  16 a l s o  shows t he  v a r i a t i o n s  i n  mean 
v e l o c i t y ,  c ross - sec t i ona l  area, w i d t h ,  and depth.  I n  f i g u r e  16 i t  should  be 
noted t h a t  t he  maps a r e  cons i s t en t  w i t h  each o t h e r .  That  i s ,  f o r  any l o c a t i o n  
i n  I l l i n o i s ,  d i scharge  i s  equal t o  mean v e l o c i t y  t imes c ross - sec t i ona l  area, 
& = AV, and c ross - sec t i ona l  area i s  equal  t o  w i d t h  t imes the  mean depth, 
A  = WD. 
For each o f  t he  18 bas ins s t ud ied ,  t a b l e  10 shows t he  s t ream o r d e r  and 
average channel s lope  f o r  a  bas in  hav ing a  dra inage area o f  100 square m i l e s .  
The v a r i a t i o n  i n  t h i s  channel s l ope  i s  shown i n  f i g u r e  17. 
More complete i n f o rma t i on  on t he  v a r i a t i o n  i n  t he  h y d r a u l i c s  o f  t he  stream 
was p rov ided  by making a  computat ion o f  t h e  h y d r a u l i c  roughness, us i ng  t h e  
Manning equa t ion :  
where n = h y d r a u l i c  roughness c o e f f i c i e n t ;  V = mean v e l o c i t y ,  f ps ;  D = mean 
depth,  f t ;  and S = h y d r a u l i c  s l ope  as a  dec imal .  Tab le  10 shows t he  s o l u t i o n s  
f o r  the  Manning roughness c o e f f i c i e n t  f o r  each o f  t he  18 bas ins .  The v a r i -  
a t i o n  i n  t he  Manning roughness c o e f f i c i e n t  i s  p l o t t e d  g r a p h i c a l l y  on a  map i n  
f i g u r e  18. Chow (1959, Chapter 5) p rov ides  a  genera l  t rea tment  o f  hydrau l  i ' c  
roughness o f  streams. 
Area l  V a r i a t i o n  i n  Exponents 
The va lues o f  t he  exponents shown i n  t a b l e  7 a r e  e s s e n t i a l l y  t he  s lopes 
o f  the  p l o t t e d  graphs o f  h y d r a u l i c  geometry f a c t o r s ,  such as the  s l ope  o f  the  
l i n e s  shown i n  f i g u r e  13 .  W r i t t e n  i n  t he  form o f  equa t ions  1 ,  2, and 3 and 
equat ions 33, 34, 35, and 36, t he  exponents i n  t a b l e  7 rep resen t  t he  r a t e  o f  
change o f  a  p a r t i c u l a r  stream parameter w i t h  a  change i n  d ischarge.  
Tab le  9. Stream H y d r a u l i c  Fac to rs  For 18 R i ve r  Basins 
(Drainage area = 100 sq m i ;  d i scharge  o f  F = 0.1) 
Bas i n  
Rock 
Ga 1 ena 
Fox 
Des P la ines  
Kan kakee 
Vermi 1 i o n  
( 1 1 1  i n o i s  R.   asi in) 
Mack i naw 
Henderson Creek 
Spoon 
La Moi ne 
S ~ Y  
Sangamon 
Kaskaskia 
Vermi 1 i o n  
  abash R.  asi in) 
Embarras 
L i t t l e  Wabash 
B ig  Muddy 
B i g  Bay Creek 
Cross- 
sec t  i ona 1 Mean 
D i scha rge area v e l o c i t y  Width 
Q A  V W 




( f t )  

The v a r i a t i o n  o f  these exponents throughout  I l l i n o i s  was exp lo red  by 
p l o t t i n g  t he  exponents i n  t a b l e  7 f o r  b, f, b + f, and m, as shown on t he  maps 
i n  f i g u r e  19. I t  i s  t o  be noted t h a t  the  map f o r  c ross - sec t i ona l  area 
exponent b + f can be ob ta i ned  a t  any p o i n t  by adding t he  w i d t h  exponent b and 
t he  depth exponent f as read f rom f i g u r e s  19a and b. Thus these maps a r e  
i n t e r n a l l y  c o n s i s t e n t .  The a r e a l  v a r i a t i o n s  i n  these exponents a r e  deemed t o  
be reasonable;  no genera l  conc lus i on  i s  s i g n i f i e d .  
F i e l d  Check o f  V e l o c i t y  Resu l t s  
One o b j e c t i v e  o f  t h i s  research p r o j e c t  was t o  search f o r  and t o  eva lua te  
q u a n t i t a t i v e l y  t he  c o n s i s t e n t  p a t t e r n  i n  which t he  h y d r a u l i c  f a c t o r s  o f  
streams develop. The approach t o  q u a n t i f y i n g  t h i s  h y d r a u l i c  geometry system 
has been a lmost  comp le te ly  t h e o r e t i c a l .  The r e s u l t s  o f  t he  s tudy  a r e  exem- 
p l i f i e d  by t h e  f i v e  h y d r a u l i c  geometry equa t ions  presented as equa t ions  17 t o  
21 o f  t h i s  r e p o r t .  Because o f  the  t h e o r e t i c a l  na tu re  o f  t h i s  e n t i r e  s tudy,  
i t  was f e l t  d e s i r a b l e  t o  search f o r  some way t o  p r o v i d e  an a c t u a l  f i e l d  check 
o f  the  r e s u l t s  o f  a  p a r t i c u l a r  s e t  o f  h y d r a u l i c  geometry equa t ions .  A f t e r  
l o o k i n g  over  these equa t ions ,  i t  was r e a l i z e d  t h a t  equa t ion  19, which r e l a t e s  
Tab le  10. Stream Slope and H y d r a u l i c  Roughness f o r  18 
R i ve r  Basins 
 r rain age area = 100 sq m i ;  d i scharge  o f  F = 0.1) 
Bas i n  
Rock 
Ga 1 ena 
Fox 
Des P la i nes  
Kankakee 
Vermi 1 i o n  
( I  1 1  i n o i s  R .  Basin) 
Mack i naw 
Henderson Creek 
Spoon 
La Moi ne 
S ~ Y  
Sangamon 
Kas kask i a  
Vermi 1 i o n  
  abash R.  Basin) 
Emba r ras 
L i t t l e  Wabash 
B ig  Muddy 
B ig  Bay Creek 
S t  ream 
o rde r  U 
f o r  100 
sq m i  
Stream s l ope  
( f t /m i )  ( f t / f t )  
Manning's 
roughness 
c o e f f i c i e n t ,  
n 
Figure 17.  Variation i n  channel Figure 18. Variation i n  Manning 
slope, i n  fee t  per mile,  for a roughness coe f f i c i en t  n a t  a 
drainage area of  100 square miles discharge equalled or exceeded 
10 percent of days, for a 
drainage area of 100 square 
miles 
a.  Width exponent, be Depth exponent 9 c .  Cross-sect ional  d. V e l o c i t y  exponent, 
b f a red exponent , b+f rn 
Figure 19.  Areal var iat ion i n  hydraulic geometry exponents 
average s t  ream v e l o c i  t y  t o  t h e  f requency  
LOCATION o f  d i s c h a r g e  and t h e  d r a i n a g e  a rea ,  c o u l d  
be s u b j e c t e d  t o  a  f i e l d  t e s t .  T h i s  equa- ., 
t i o n  was checked by u s i n g  f i e l d  measure- 
ments o f  t i m e - o f - t r a v e l  t o  p r o v i d e  an ' ,  
,. a c t u a l  v a l u e  f o r  t h e  average s t ream , 
v e l o c i t y  th rough  a  reach o f  s t ream.  
The t i m e - o f - t r a v e l  o f  contaminants  -- 
i n  s t r e a m  i s  a  m a t t e r  wh ich  i s  b e i n g  
i n v e s t i g a t e d  i n ' t h e  U n i t e d  S t a t e s .  
F l u o r e s c e n t  dyes a r e  now used e x t e n s i v e l y  
t o  measure t r a v e l  t i m e  i n  st reams and t o  
s o l v e  p a r t i c u l a r  w a t e r  resource  problems 
( ~ u c h a n a n ,  1964) . The use o f  dye t r a c e r s  
f o r  t h e  f i e l d  measurements o f  t i m e - o f -  
t r a v e l  i n  a  s t ream i s  now cons ide red  as 
an accepted p r a c t i c e  as d e s c r i b e d  by 
Figure 20.  White River Basin i n  W i l s o n  (1968) .  
Indiana on which time-of-travel 
measurements were available from C o n s i d e r a b l e  d a t a  on t r a v e l  t imes  i n  
dye-tracer studies iDots streams were a v a i l a b l e  on t h e  Wh i te  R i v e r  
stream gaging s t a t i ons )  Bas in  i n  I n d i a n a ,  shown i n  f i g u r e  20. 
Fo r  t h e  7 2 - m i l e  reach o f  t h e  West Fork  o f  
t h e  Wh i te  R i v e r  between Muncie and Spencer 
( f i g u r e  20) eng ineers  o f  t h e  U. S .  
G e o l o g i c a l  Survey had made a  number o f  d e t e r m i n a t i o n s  o f  t r a v e l  t imes  by  u s i n g  
f l u o r e s c e n t  dye t r a c e r s  d u r i n g  t h e  p e r i o d  1965-1967. These t r a v e l - t i m e  
measurements had been made a t  b o t h  h i g h  f l ows  and low f l o w s  f o r  t h e  e n t i r e  
reach o f  t h e  West Fo rk .  I n  t h e  b a s i n  o f  t h e  West F o r k  upst ream f r o m  Spencer, 
s t ream gag ing  i n f o r m a t i o n  was a v a i l a b l e  a t  28 l o c a t i o n s  as shown i n  f i g u r e  20. * 
These d a t a  were o b t a i n e d  and u t i l i z e d  as a  p a r t  o f  t h i s  p r o j e c t  t o  d e t e r m i n e  
a  s e t  o f  h y d r a u l i c  geometry e q u a t i o n s  f o r  t h i s  b a s i n ,  c a r r i e d  o u t  i n  t h e  same 
manner as t h e  work  on t h e  18 b a s i n s  i n  I l l i n o i s .  A s e t  o f  h y d r a u l i c  geometry 
e q u a t i o n s  was deve loped,  a p p l i c a b l e  t o  t h e  West Fo rk  o f  t h e  Wh i te  R i v e r  Bas in  
i n  I n d i a n a ,  as f o l l o w s :  
E q u a t i o n  45 can be used a t  a  g i v e n  f l o w  f requency and d r a i n a g e  a rea ,  t h a t  
i s ,  a t  a  s p e c i f i c  p o i n t  o f  a  st ream, t o  o b t a i n  t h e  average s t ream v e l o c i t y .  
The average v e l o c i t y  f o r  a  s t ream segment can be  c a l c u l a t e d  by  u s i n g  t h e  
computed v e l o c i t i e s  a t  t h e  upst ream and downstream ends o f  t h e  segment. T h i s  
t y p e  o f  c a l c u l a t i o n  was made f o r  each o f  a  number o f  reaches on t h e  main  stem 
o f  t h e  West Fo rk  o f  t h e  Whi te  R i v e r .  I n  each case t h e  computed v e l o c i t i e s  
were c o n v e r t e d  t o  t i m e - o f - t r a v e l  and compared w i t h  a c t u a l  measured t i m e - o f -  
t r a v e l  de te rm ined  by dye t r a c e r s .  The r e s u l t s  a r e  shown i n  f i g u r e  21. 
A t  h i g h  f l o w s  t h e  measured and computed t r a v e l  t imes  a r e  v e r y  c l o s e  
' i g u r e  2 1 ) .  A t  low f l o w s  t h e  computed t r a v e l  t imes a r e  c o n s i d e r a b l y  l ower  
an f l o w s  a c t u a l l y  measured. T h i s  i s  p a r t l y  due t o  channel  dams on t h e  r i v e r  
wh ich  s t o r e  and r e t a r d  w a t e r  movement, a  man-made c o n d i t i o n .  The one l a r g e  
b reak  i n  t h e  l o w - f l o w  measured t r a v e l  t i m e  i n  f i g u r e  21 i s  f o r  t h e  reach 
between Nora and I n d i a n a p o l i s ,  where two channel  dams a r e  known t o  be p r e s e n t  
and t o  r e t a r d  t r a v e l  t imes  a t  low f l o w s .  
The r e s u l t s  shown i n  f i g u r e  21 a r e  c o n s i d e r e d  t o  p r o v i d e  ev idence  o f  t h e  
v a l i d i t y  and u t i l i t y  o f  t h e  r e s u l t s  o f  h y d r a u l i c  geometry compu ta t i ons .  They 
i l l u s t r a t e  one way i n  wh ich  h y d r a u l i c  geometry r e s u l t s  can be used t o  ex tend ,  
expand, o r  g e n e r a l i z e  measurements o f  t r a v e l  t ime .  
An a d d i t i o n a l  t e s t  o f  t h e  v a l i d i t y  o f  computed s t ream v e l o c i t i e s  was made. 
As a  p a r t  o f  t h e  same o b s e r v a t i o n a l  program i n  I n d i a n a ,  t h e  USGS had made a  
c o n s i d e r a b l e  number o f  measurements o f  v e l o c i t i e s ,  by t i m e - o f - t r a v e l  s t u d i e s ,  
on t h e  Eas t  Fo rk  o f  t h e  Wh i te  R i v e r ,  shown i n  f i g u r e  20. Because o f  t h e  near -  
ness and g e n e r a l  s i m i l a r i t y  o f  t h e  Eas t  Fo rk  and West F o r k  Bas ins ,  t h e  v e l o c i t y  
e q u a t i o n  d e r i v e d  f o r  t h e  West Fo rk ,  e q u a t i o n  45, was used t o  compute what t h e  
v e l o c i t i e s  m i g h t  be i n  t h e  Eas t  F o r k .  The compar ison o f  measured and computed 
t r a v e l  t imes  f o r  t h e  Eas t  Fork  o f  t h e  Wh i te  R i v e r  i s  shown i n  f i g u r e  22. The 
two cu rves  a r e  reasonab ly  c l o s e .  
T h i s  s i n g l e  check seems t o  c o n f i r m  t h e  i dea  t h a t  h y d r a u l i c  geometry 
c o n s i d e r a t i o n s  may be a b l e  t o  p r o v i d e  an e s t i m a t e  o f  t r a v e l  t i m e  i n  any s t ream 
reach w i t h o u t  any measurements o f  dye t r a c e r s  i f  h y d r a u l i c  geometry e q u a t i o n s  
a r e  a v a i l a b l e  f r o m  a  reasonab ly  s i m i l a r  h y d r o l o g i c  r e g i o n .  Such e s t i m a t e s  a r e  
c o n s i d e r e d  t o  be h i g h l y  d e s i r a b l e  r e s u l t s  because t h e y  can c o n t r i b u t e  cons id -  
e r a b l e  u n d e r s t a n d i n g  o f  a  s t ream system even i n  t h e  absence o f  a c t u a l  measure- 
ments. 
R e a e r a t i o n  C a p a c i t y  o f  a  Stream 
The r e l a t i o n s  and e q u a t i o n s  developed i n  t h i s  r e p o r t  make i t  p o s s i b l e  t o  
compute a  reasonab le  v a l u e  f o r  such s t ream parameters  as c r o s s - s e c t i o n a l  a rea ,  
v e l o c i t y ,  depth ,  and w i d t h  f o r  a  p a r t i c u l a r  known d i s c h a r g e  o r  f requency  o f  
d i s c h a r g e  and f o r  a  p a r t i c u l a r  d r a i n a g e  a rea  w i t h i n  a  s t ream system. S a n i t a r y  
e n g i n e e r s  a r e  o f t e n  faced  w i t h  t h e  p rob lem o f  comput ing  t h e  c a p a c i t y  o f  a  
s t ream t o  a s s i m i l a t e  wastes a t  a  p a r t i c u l a r  p o i n t  f o r  wh ich  t h e  p h y s i c a l  
c h a r a c t e r i s t i c s  o f  t h e  s t ream a r e  unknown. S ince  h y d r a u l i c  geometry r e l a t i o n s  
p r o v i d e  e s t i m a t e s  o f  s t ream dep th  and v e l o c i t y  a t  any p o i n t  w i t h i n  a  s t ream 
system, t h e y  a l l o w  an e x p l o r a t i o n  o f  t h e  v a r i a t i o n  i n  t h e  a s s i m i l a t i v e  c a p a c i t y  
o f  a  s t ream.  
DISTANCE FROM MUNCIE.  I N D I A N A .  I N  M I L E S  
Figure 22.  Measured and computed time-of-travel from Muncie t o  Spencer, 
Indiana, i n  the  West Fork of the  White River 
D I S T A N C E  FROM S H E L B Y V I L L E ,  I N D I A N A ,  I N  M I L E S  
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Figure 22. Measured and computed time-of-travel from SheZbyviZZe t 
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As a  s t ream f l ows ,  oxygen i s  t r a n s f e r r e d  f rom t h e  a i r  i n t o  t he  stream. 
The r a t e  a t  which t he  stream absorbs oxygen as g i ven  by Langbein and Durum 
(1967) i s  
where 
- dc - t h e  r a t e  a  stream absorbs oxygen f rom t h e  a i r  
dt 
c = concen t ra t i on  o f  oxygen i n  the  wa te r  i n  m i l l i g r a m s  per  l i t e r  
c, = concen t ra t i on  when sa tu ra ted  w i t h  oxygen a t  t h e  p r e v a i l i n g  temperature 
t = t ime i n  days 
k ,  = r e a e r a t i o n  c o e f f i c i e n t  per  day 
Exhaust ive s t ud ies  c a r r i e d  o u t  on t h e  Ohio R i ve r  by S t r e e t e r  and Phelps . 
(1925) developed some unders tanding as t o  t he  means by which oxygen i s  absorbed 
by wa te r .  Th i s  s tudy p rov ided  a  deoxygenat ion c o e f f i c i e n t  k l  and a  reoxygen- 
a t i o n  c o e f f i c i e n t  k ,  t o  govern t h i s  process. A l though t he  process i s  compl i -  
cated by many l o c a l  f a c t o r s  and by temperature,  t he  h y d r a u l i c  cha rac te r  o f  t he  
s t ream has a  p r imary  e f f e c t  upon t he  r e a e r a t i o n  c o e f f i c i e n t  k , .  Dobbins (1964) 
compared severa l  impor tan t  equat ions f o r  k ,  and showed t h e  most e f f e c t i v e  one 
t o  be t h a t  pub1 ished by OIConnor and Dobbins (1958) as 
where 
k ,  = r e a e r a t i o n  c o e f f i c i e n t  o f  stream i n  m i l l i g r a m s  per  l i t e r  o f  water  per  
day ( t o  base 10) 
Dm = mo lecu la r  d i f f u s i v i t y  o f  oxygen i n  water  i n  square f e e t  per  day 
V = mean v e l o c i t y  o f  s t ream i n  f e e t  pe r  day 
D = mean depth o f  stream i n  f e e t  
As can be seen f rom equa t ion  49, k ,  i s  dependent upon t he  v e l o c i t y  t o  t he  
0.5 power and i n v e r s e l y  p r o p o r t i o n a l  t o  t he  mean depth o f  t h e  s t ream t o  t he  
1.5 power. Dobbins (1964) i n  equa t ion  44 o f  h i s  paper p rov ides  an express ion  
f o r  t he  computat ion o f  Dm, t h e  mo lecu la r  d i f f u s i v i t y .  By means o f  t h i s  
equa t i on  i t  can be shown t h a t  a t  20C, Dm = 190 x  10-5. By i n t r o d u c i n g  t h i s  
i n t o  equa t ion  49 i t  i s  p o s s i b l e  t o  p rov i de  
where V i s  t h e  mean v e l o c i t y  i n  f e e t  per  second. The s t r u c t u r e  o f  t h i s  equa t ion  
c l e a r l y  shows t h e  dominant importance o f  knowledge o f  t he  average depth and 
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To determine t he  t o t a l  amount o f  oxygen which t he  stream can a s s i m i l a t e  
r equ i r es  knowing t he  t o t a l  amount o f  wa te r  i n  t he  stream, as w e l l  as t he  k 2  
va lue .  Th i s  computat ion can be accompl ished by 
c a p a c i t y  o f  the  stream t o  r eae ra te  i t -  l o o  0 
- 
s e l f ,  and thus the  c a p a c i t y  o f  t he  stream 2 
5 
where 







A = a s s i m i l a t i v e  capac i t y  o f  a  s t ream reach f o r  each ppm o f  oxygen 
c d e f i c i e n c y  i n  tons per  day 
A = c ross - sec t i ona l  area o f  stream i n  square f e e t  
L = l e n g t h  o f  s t ream reach i n  m i l e s  
k 2  = r e a e r a t i o n  c o e f f i c i e n t  o f  s t ream i n  m i l l i g r a m s  pe r  l i t e r  o f  wa te r  per  
day ( t o  base 10) 
The v a r i a t i o n  i n  the  t o t a l  l oad  i n  tons pe r  day which can be a s s i m i l a t e d  
by c h a r a c t e r i s t i c ,  o r  t y p i c a l ,  streams w i t h i n  t he  va r i ous  s t ream o rde rs  was 
t o  a s s i m i l a t e  waste a t  t h i s  l o c a t i o n .  - - 
F i g u r e  23 p rov ides  a  nomograph which - 
a l l o w s  t he  s o l u t i o n  o f  equa t ion  50 f o r  - 
k 2  when mean stream depth and mean & 
s t ream v e l o c i t y  a r e  known. 
& - 
For a  g i ven  frequency o f  d i scharge ,  
equa t ion  28 ( t a b l e 6 )  shows t h a t ,  as a  - 
r i v e r  f l ows  downstream and t he  stream 
o r d e r  i ncreases , the  d ischarge  increases . 
Equat ion  34 shows t h a t  as the  d ischarge  
increases i n  a  downstream d i r e c t i o n ,  .d Y - 
0 - 
Ll A A t he  average v e l o c i t y  increases by the  Z 
0.16 power. Equat ion 36 s i m i l a r l y  shows 
t h a t  as t he  d ischarge  increases i n  t he  2 
- - 
- A - 
downstream d i r e c t i o n  t he  mean depth o f  0 1 I I I I I I I 2 3 I, 5 6 7 8 
s t ream increases as the  0.36 power. STREAM ORDER,  U 
Because t he  depth o f  t he  stream has more Figure 24. Variation of reaeration 
importance i n  equa t ion  50 than t he  coefficient with stream order U 
v e l o c i t y ,  i t  can be seen t h a t ,  as t he  and f2.01.a frequency F  for the 
s t  ream f 1 ows downstream the  reae r a  t i o n  Sangamon River Basin 
c o e f f i c i e n t  w i l l  decrease. Th i s  i s  
g e n e r a l l y  due t o  t he  f a c t  t h a t  t he  stream i s  deeper and p a r t i c u l a r  elements o f  
t he  wa te r  reach the  su r f ace  less  o f t e n .  F i g u r e  24 shows t h e  tendency o f  t he  
r e a e r a t i o n  c o e f f i c i e n t  k 2  t o  decrease i n  a  downstream d i r e c t i o n ,  t h a t  i s ,  as 
t h e  stream o r d e r  increases.  The l i n e s  i n  f i g u r e  24 represen t  t h e  va lues  
computed f rom equa t i on  50 us i ng  v e l o c i t y  as computed f rom equa t ion  34 and 
depth as computed f rom equa t ion  36. Three curves a r e  shown f o r  f requenc ies  F 
o f  0.9, 0.5,and 0.1.  The p o i n t s  p l o t t e d  i n  f i g u r e  24 a r e  t he  i n d i v i d u a l  
va lues  o f  k 2  f rom equa t ion  50 computed a t  t h e  a c t u a l  18 gaging s t a t i o n s  w i t h i n  
the  Sangamon R i ve r  Bas in .  These g i v e  an idea as t o  the  v a r i a b i l i t y  o f  k 2 .  
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t he  resource a v a i l a b l e  i n  terms o f  t he  t o t a l  amount o f  waste t h a t  p a r t i c u l a r  
s t ream systems can accommodate a t  a  p a r t i c u l a r  p o i n t .  
CONCLUSION 
The s tudy descr ibed  here  has r e s u l t e d  i n  the  f o l l o w i n g  conc lus ions .  
1) Streams i n  the s t a t e  o f  l l l i n o i s  do tend t o  a d j u s t  t h e i r  channels t o  
a  c o n s i s t e n t  p a t t e r n  which has been eva lua ted  by the  concepts o f  
h y d r a u l i c  geometry. 
2) Equat ions 17 t o  21 and the  se t s  o f  equat ions i n  t a b l e  4  adequate ly  
express the  general  h y d r a u l i c  geometry r e l a t i o n s h i p s  f o r  major  r i v e r  
bas ins  i n  I l l i n o i s ,  and s i m i l a r  r e l a t i o n s h i p s  f o r  o t h e r  bas ins can 
be i n f e r r e d .  
3) The numerical  va lues o f  hydrau l  i c  geometry exponents f o r  I 1  1 i n o i s  
stream systems check n i c e l y  w i t h  pub l i shed  t h e o r e t i c a l  va lues,  and 
w i t h  o t h e r  pub l i shed  va lues f o r  midwestern r i v e r s .  
4) For s tandard c o n d i t i o n s  which a l l o w  a  v a l i d  comparison, t he  phys i ca l  
and h y d r a u l i c  c h a r a c t e r i s t i c s  o f  l l l i n o i s  s t ream systems vary  
throughout  the  s t a t e  i n  a  reasonable fash ion ,  be ing g e n e r a l l y  
c o n s i s t e n t  w i t h  phys iograph ic  d i f f e r e n c e s .  
5) Sub jec t  t o  l o c a l  v a r i a t i o n s  w i t h i n  a  stream system, h y d r a u l i c  
geometry equat ions a l l o w  a  genera l  es t ima te  t o  be made o f  channel 
c h a r a c t e r i s t i c s  a t  any l o c a t i o n  w i t h i n  t he  system. 
6) Flow v e l o c i t i e s  f o r  a  reach o f  stream, computed f rom h y d r a u l i c  
geometry equa t ions ,  have been proven t o  be v a l i d  a t  high  f lows,  by 
measured t i m e - o f - t r a v e l  us ing  dye t r a c e r s ;  a t  low f lows  d i f f e r e n c e s  / 
were cons iderab le ,  p a r t l y  due t o  man-made channel dams which were 
unaccounted f o r  i n  h y d r a u l i c  geometry computat ions.  
7) The p r o p o r t i o n a l  stream o r d e r i n g  system in t roduced  i n  t h i s  s tudy  i s  
shown t o  be reasonable and va luab le  i n  ex tend ing  t he  a p p l i c a b i l i t y  
o f  t he  Ho r ton -S t rah le r  stream morphology system. The use o f  t he  
f requency o f  occurrence f o r  t ime  comparison o f  f l ows ,  and t he  
p r o p o r t i o n a l  stream o r d e r  f o r  p l ace  comparison o f  f l ows  w i t h i n  a  
stream system serves as a  b r i d g e  t o  l i n k  the  e x c e l l e n t  works on 
s t ream hydrau l  i c  geometry done by Leopold and Maddock (1953) and 
s t ream morphology done by Hor ton (1945) and S t r a h l e r  (1957).  
The u t i l i t y  o f  h y d r a u l i c  geometry r e l a t i o n s  has been i l l u s t r a t e d  by show- 
i n g  how these r e l a t i o n s  p r o v i d e  mean s t ream depth and v e l o c i t y  which a l l o w  
es t imates  t o  be made o f  the  r e a e r a t i o n  capac i t y  o f  t he  s t ream and t he  t o t a l  
c a p a c i t y  o f  the  stream t o  a s s i m i l a t e  wastes.  Such es t imates  a r e  de r i ved  f rom 
the  gene ra l i zed  p a t t e r n  t o  which the  s t ream a d j u s t s .  L o c a l i z e d  stream cond i -  
t i o n s  cou ld  vary  g r e a t l y  f rom the  p a t t e r n .  However, i n  many a d d i t i o n a l  areas 
o f  wa te r  resource p l ann ing  i t  can be ex t reme ly  va l uab le  t o  have a  genera l  
es t ima te  o f  channel c h a r a c t e r i s t i c s .  
A l l  r e s u l t s  o f  t h i s  s tudy have been de r i ved  f rom data ob ta i ned  a t  166 
s t ream gaging s ta t ions o f  t he  U. S .  Geo log ica l  Survey w i t h i n  t he  s t a t e  o f  
I l l i n o i s .  The development o f  a p p l i c a b l e  s e t s  o f  h y d r a u l i c  geometry e q u a t i o n s  
f o r  t h e  s t a t e  i s  cons ide red  a  ma jo r  e x t e n s i o n  o f  these d a t a .  I n  1967 t h e  
U. S .  Geolog i ca 1 Survey o p e r a t e d  more t h a n  8000 con t inuous -  r e c o r d  s t ream gages 
on t h e  U n i t e d  S t a t e s  ma in land ,  as r e p o r t e d  by Bue (1967) .  The m a j o r i t y  o f  
t hese  s t a t i o n s  have reco rds  l o n g e r  than  15 yea rs ;  some have r e c o r d s  o f  50 
y e a r s .  A h i g h l y  mean ing fu l  expans ion o f  t h e  e x i s t i n g  measurements a t  t hese  
gag ing  s t a t i o n s  c o u l d  be made u s i n g  t h e  h y d r a u l i c  geometry concep t .  I t  i s  
recommended t h a t  research  pe rsonne l  t h roughou t  t h e  c o u n t r y  pu rsue  h y d r a u l i c  
geometry as a  means o f  e x t e n d i n g  t h e  knowledge a v a i l a b l e  on s t ream-channe l  
c h a r a c t e r i s t i c s .  
The dook Water Facts for the  Nation's Future, by Langbei  n  and Hoy t  (1959) ,  
i s  a  s y s t e m a t i c  a p p r a i s a l  o f  t h e  h y d r o l o g i c  d a t a  a v a i l a b l e  i n  t h e  U n i t e d  S t a t e s .  
I n  a d d r e s s i n g  t h e  t o p i c  o f  b e t t e r  data for be t t e r  decisions i n  w a t e r  resources  
development,  t hese  a u t h o r s  conc lude  t h a t  d a t a  programs have emphasized d a t a  
c o l l e c t i o n  t o  t h e  n e g l e c t  o f  advanc ing knowledge o f  b a s i c  p r i n c i p l e s .  The 
a u t h o r s  o f  t h e  p r e s e n t  r e p o r t  p ropose t h a t  h y d r a u l i c  geometry p r o v i d e s  a  s e t  
o f  c o n s i s t e n t  r e l a t i o n s  between s t ream parameters ,  t h r o u g h  t h e  use o f  wh ich  a  
w i d e  and u s e f u l  expans ion o f  s t ream measurements has been made. 
REFERENCES 
Broscoe,  A. J .  1959. Q u a n t i t a t i v e  a n a l y s i s  o f  l o n g i t u d i n a l  s t ream p r o f i l e s  
o f  sma l l  watersheds.  Columbia U n i v e r s i t y  Department o f  Geology T e c h n i c a l  
Repor t  18. 
Buchanan, Thomas J .  1964. Time o f  t r a v e l  o f  s o l u b l e  contaminants  i n  st reams. 
American S o c i e t y  o f  C i v i l  Eng ineers  S a n i t a r y  E n g i n e e r i n g  D i v i s i o n  J o u r n a l ,  
June. 
Bue, Conrad D .  1967. F lood  i n f o r m a t i o n  f o r  f l o o d  p l a i n  zon ing .  U.  S .  
G e o l o g i c a l  Survey C i r c u l a r  539. 
Chow, Ven Te. 1959. Open-channel h y d r a u l i c s .  McGraw-Hi l l  Book Company I n c . ,  
New York .  
Chow, Ven Te. 1962. H y d r o l o g i c  d e t e r m i n a t i o n  o f  waterway areas f o r  t h e  des ign  
o f  d r a i n a g e  s t r u c t u r e s  i n  s m a l l  d r a i n a g e  b a s i n s .  U n i v e r s i t y  o f  l l l i n o i s  
E n g i n e e r i n g  Exper iment  S t a t i o n  B u l l e t i n  462. 
Dobbins,  W i l l i a m  E .  1964. BOD and oxygen r e l a t i o n s h i p s  i n  st reams. American 
S o c i e t y  o f  C i v i  1 Eng ineers  S a n i t a r y  E n g i n e e r i n g  D i v i s i o n  J o u r n a l  v .  9 0 ( S ~ 3 ) ,  
June. 
Fenneman, Nev in  M.  1938. Phys iography o f  e a s t e r n  U n i t e d  S t a t e s .  McGraw-Hi l l  
Book Company I n c . ,  New York .  
Fenneman, N e v i n  M .  1946. P h y s i c a l  d i v i s i o n s  o f  t h e  U n i t e d  S t a t e s .  U. S .  
G e o l o g i c a l  Survey map. 
Hack, J .  T.  1957. S t u d i e s  o f  l o n g i t u d i n a l  s t ream p r o f i l e s  i n  V i r g i n i a  and 
Mary land.  U. S .  G e o l o g i c a l  Survey P r o f e s s i o n a l  Paper 2948. 
H i r s c h ,  F. 1962. Methode de p r e v i s i o n  des d e b i t s  des cou rs  d ' e a u  p a r  
l ' a n a l y s e  morphometnque des r e s e a r u x  f l u v i a t i l e s .  Revue de Geomorphologie 
Dynamique v.  13:98-106, J u i l l e t - A o u t - S e p t e m b r e .  
H o r t o n ,  Rober t  E. 1945. E r o s i o n a l  development o f  s t reams and t h e i r  d r a i n a g e  
b a s i n s - - h y d r o p h y s i c a l  approach t o  q u a n t i t a t i v e  morphology.  G e o l o g i c a l  
S o c i e t y  America Bul  l e t  i n  v .  56 (3 )  :275-370. 
Hunt ,  Char les  B .  1967. Phys iography o f  t h e  U n i t e d  S t a t e s .  W.  H. Freeman and 
Co., San F r a n c i s c o .  
l l l i n o i s  D i v i s i o n  o f  Waterways. 1963. I n t e r i m  r e p o r t  f o r  f l o o d  c o n t r o l  and 
d r a i n a g e  development,  Embarras R i v e r .  S p r i n g f i e l d .  
l n d i a n a  Stream P o l l u t i o n  C o n t r o l  Board. 1962. Low- f low c h a r a c t e r i s t i c s  o f  
l n d i a n a  s t reams.  U. S .  G e o l o g i c a l  Survey and S t a t e  o f  I n d i a n a ,  I n d i a n a p o l i s .  
Langbein,  W.  B., and W .  H .  Durum. 1967. The a e r a t i o n  c a p a c i t y  o f  s t reams.  
U. S .  G e o l o g i c a l  Survey C i r c u l a r  542. 
Langbe in ,  W .  B . ,  and W .  G .  Hoy t .  1959. Water f a c t s  f o r  t h e  n a t i o n ' s  f u t u r e .  
Ronald P ress ,  New York .  
L e i g h t o n ,  M. M . ,  George E. Ekblaw, and Le land  Horberg .  1948. P h y s i o g r a p h i c  
d i v i s i o n s  o f  I l ' l i n o i s .  l l l i n o i s  S t a t e  G e o l o g i c a l  Survey Repor t  o f  
I n v e s t i g a t i o n  129. 
Leopo ld ,  Luna B . ,  and Langbe in ,  W a l t e r  B. 1962. The concept  o f  e n t r o p y  i n  
landscape e v o l u t i o n .  U. S .  G e o l o g i c a l  Survey P r o f e s s i o n a l  Paper 500A. 
Leopo ld ,  \Luna B . ,  and Maddock, Thomas. 1953. The h y d r a u l i c  geometry o f  s t ream 
channe ls  and some p h y s i o g r a p h i c  i m p l i c a t i o n s .  U. S .  G e o l o g i c a l  Survey 
P r o f e s s i o n a l  Paper 252. 
Leopo ld ,  Luna B . ,  and J .  P. M i l l e r .  1956. Ephemeral s t reams,  h y d r a u l i c  
f a c t o r s  and t h e i r  r e l a t i o n s  t o  t h e  d r a i n a g e  n e t .  U. S .  G e o l o g i c a l  Survey 
P r o f e s s i o n a l  Paper 282A. 
Leopo ld ,  Luna B . ,  M. Gordon Wolman, and John P .  M i l l e r .  1954. F l u v i a l  
p rocesses i n  geomorphology. W .  H. Freeman and Co., San F r a n c i s c o ,  522 p .  
M i l l e r ,  C a r l  R .  1965. Advances i n  s e d i m e n t a t i o n  r e l e v a n t  t o  watershed 
prob lems.  American S o c i e t y  A g r i c u l t u r a l  Eng ineers  T r a n s a c t i o n s  
v .  8 (1 )  : 146-152. 
M i t c h e l l ,  W. D.  1954. F loods i n  l l l i n o i s  - magni tude and f requency .  l l l i n o i s  
D i v i s i o n  o f  Waterways w i t h  t h e  c o o p e r a t i o n  o f  t h e  U. S .  G e o l o g i c a l  Survey,  
S p r i n g f i e l d .  
M i t c h e l l ,  W i l l i a m  D. 1957. Flow d u r a t i o n  o f  l l l i n o i s  s t reams.  l l l i n o i s  
D i v i s i o n  o f  Waterways w i t h  c o o p e r a t i o n  o f  U. S .  G e o l o g i c a l  Survey,  
S p r i n g f i e l d .  
Morisawa, M a r i e  E. 1959. R e l a t i o n  o f  q u a n t i t a t i v e  geomorphology t o  st ream- 
f l o w s  i n  r e p r e s e n t a t i v e  watersheds o f  t h e  Appa lach ian  P l a t e a u  p r o v i n c e .  
Columbia U n i v e r s i t y  Department o f  Geology T e c h n i c a l  Repor t  20. 
OIConnor, D.  J . ,  and W .  E .  Dobbins.  1958. Mechanics o f  r e a e r a t i o n  i n  n a t u r a l  
s t reams.  American S o c i e t y  o f  C i v i l  Eng ineers  T r a n s a c t i o n s  v .  123:641. 
Ra isz ,  E rw in .  1957. Landforms o f  t h e  U n i t e d  S t a t e s ,  map. 107 Washington 
Ave., Cambridge, Mass. 
Roehl ,  John W .  1963. Sediment sou rce  a reas ,  d e l i v e r y  r a t i o s ,  and i n f l u e n c i n g  
m o r p h o l o g i c a l  f a c t o r s .  I n t e r n a t i o n a l  A s s o c i a t i o n  S c i e n t i f i c  Hydro logy  
P u b l i c a t i o n  59, p.  202-213. 
Rzhan i t syn ,  N .  A. 1960. M o r p h o l o g i c a l  and h y d r o l o g i c a l  r e g u l a r i t i e s  o f  t h e  
s t r u c t u r e s  o f  t h e  r i v e r  n e t .  T r a n s l a t e d  f r o m  Russ ian by D .  B .  K r imgo ld ,  
A g r i c u l t u r a l  Research S e r v i c e ,  USDA. 
Searcy, James K.  1960. Graphica l  c o r r e l a t i o n  o f  gaging s t a t i o n  records.  
U .  S .  Geolog ica l  Survey Water Supply Paper 1541-C, Manual o f  Hydrology, 
P a r t  I .  
Shreve, Ronald L.  1967. S t a t i s t i c a l  law o f  stream numbers. Journa l  o f  
Geology, January. 
S t a l l ,  John B.  1964. Low f l ows  o f  I l l i n o i s  streams f o r  impounding r e s e r v o i r  
des ign.  I l l i n o i s  S t a t e  Water Survey B u l l e t i n  51. 
S t a l l ,  John B . ,  and L. J .  B a r t e l l i .  1959. C o r r e l a t i o n  o f  r e s e r v o i r  sedimen- 
t a t i o n  and watershed f a c t o r s ,  S p r i n g f i e l d  P l a i n ,  I l l i n o i s .  l l l i n o i s  S t a t e  
Water Survey Report o f  I n v e s t i g a t i o n  37.  
S t r a h l e r ,  A .  N .  1957. Q u a n t i t a t i v e  a n a l y s i s  o f  watershed geomorphology. 
Transact  ions American Geophys i c a l  Union v. 38(6) :913-920, December. 
S t r a h l e r ,  A .  N .  1964. Q u a n t i t a t i v e  geomorphology o f  dra inage bas ins and 
channel networks.  In Handbook o f  App l i ed  Hydrology, Sec t ion  4-11 
e d i t e d  by Ven T. Chow, McGraw-Hil l  Book Company, New York. 
S t r e e t e r ,  H .  W . ,  and Phelps, E .  B .  1925. A s tudy o f  the  p o l l u t i o n  and 
n a t u r a l  p u r i f i c a t i o n  o f  the  Ohio R i ve r .  U .  S .  P u b l i c  Hea l t h  Se rv i ce  
P u b l i c  Hea l t h  B u l l e t i n  146. 
Wi lson,  James F. 1968. T ime -o f - t r ave l  measurements and o t h e r  a p p l i c a t i o n s  o f  
dye t r a c i n g .  I n t e r n a t i o n a l  Assoc ia t i on  o f  S c i e n t i f i c  Hydrology, IIJGG 
General Assembly o f  Berne, P u b l i c a t i o n  75. Symposium on R i ve r  Morphology, 
Gentbrugge, Belgium. 
Wong, Shue Tuck. 1963. A m u l t i v a r i a t e  s t a t i s t i c a l  model f o r  p r e d i c t i n g  mean 
annual f l o o d  i n  New England. Annals Assoc ia t i on  American Geographers 
v.  53(3) :298-311 September. 
Young, K. B .  1965. Supplement t o  r e p o r t  on f l o w  c h a r a c t e r i s t i c s  o f  Wisconsin 
streams. U .  S .  Geolog ica l  Survey, Madison, Open F i l e  Report .  

